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Abstract
G r o u n d w a t e r  a q u i f e r s  w o r l d w i d e  e x p e r i e n c e  u n s u s t a i n a b l e  d e p l e t i o n ,

c o m p o u n d e d  b y  p o p u l a t i o n  g r o w t h ,  e c o n o m i c  d e v e l o p m e n t ,  a n d  c l i m a t e  f o r c i n g .

M a n a g e d  a q u i f e r  r e c h a r g e  p r o v i d e s  o n e  t o o l  t o  a l l e v i a t e  fl o o d  r i s k  a n d  r e p l e n i s h

g r o u n d w a t e r .  H o w e v e r ,  c o n c e r n s  g r o w  t h a t  i n t e n t i o n a l  fl o o d i n g  o f  f a r m l a n d  f o r

groundwater recharge, a practice known as Ag-MAR, may increase the leaching of

pe s t i c id e s  a n d  o t he r  c he m i c a l s  i n t o  g ro un dw a t e r .  T h i s  s t ud y  e mp l oy s  a  ph ys i c a l ly

based unsaturated flow model to determine the fate and transport of residues of four

pes t i c ide  in  t h r ee  vadose  zone  p rofi les  cha rac t e r i zed  by  d iff e r ing  f rac t ions  o f  sand

(41%, 61%, and 84%) in California’s Central Valley. Here, we show that the complex

he te rogene i t y  o f  a l t e rna t ing  coa r s e  a nd  fi ne -g ra in  hyd rogeo l og ic  un i t s  con t ro l s  t he

t r a n s i t  t i m e s  o f  p e s t i c i d e s  a n d  t h e i r  a d s o r p t i o n  a n d  d e g r a d a t i o n  r a t e s .  U n s a t u r a t e d

zones  that  conta in a  higher  fract ion of  sand are more prone to  support  preferent ial
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fl o w ,  h i g h e r  r e c h a r g e  r a t e s  ( + 8 % ) ,  a n d  f a s t e r  ( 4 2 % )  w a t e r  fl o w  a n d  p e s t i c i d e

transport, more flooding-induced pesticide leaching (about 22%), as well as more salt

l e a c h i n g  c o r r e l a t i n g  w i t h  i n c r e a s e d  r i s k s  o f  g r o u n d w a t e r  c o n t a m i n a t i o n .

Interestingly, considering preferential flow predicted higher degradation and retention

rates despite shorter travel times, attributed to the trapping of pesticides in immobile

zones where they degrade more effectively. The findings underscore the importance

o f  c o n s i d e r i n g  s o i l  t e x t u r e  a n d  s t r u c t u r e  i n  A g - M A R  p r a c t i c e s  t o  m i n i m i z e

environmental risks while enhancing groundwater recharge. The study also highlights

that selecting less mobile pesticides can reduce leaching risks in sandy areas.

K e y w o r d s : H Y D R U S ,  P a r t i c l e  s w a r m  o p t i m i z a t i o n ,  P r e f e r e n t i a l  fl o w,  P e s t i c i d e

leaching; Capillary barrier
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1 Introduction
C a l i f o r n i a  i s  l e a d i n g  t h e  U n i t e d  S t a t e s  a g r i c u l t u r a l  p r o d u c t i o n  i n  o v e r  7 7

d i ff e r e n t  p r o d u c t s  i n c l u d i n g  f r u i t ,  v e g e t a b l e  a n d  s p e c i a l t y  c r o p s  s u c h  a s  t o m a t o e s

( 7 0 % ) ,  b e l l  p e p p e r s  ( 3 8 %  o f  b e l l  p e p p e r s ) ,  o r  c a r r o t s  ( 8 5 % )

( L u c i e r  a n d  J e r a r d o ,  2 0 0 6 ).  I m i d a c l o p r i d,  th i a m e t h o x a m,

c h l o r a n t r a n i l i p r o l e,  a n d  m e t h o x y f e n o z i d e a r e  c o m m o n  p e s t i c i d e s  u s e d  t o  c u l t i v a t e

m a n y  o f  t h e s e  c r o p s .  P e s t i c i d e s  h a v e  p l a y e d  a  s u b s t a n t i a l  r o l e  i n  i m p r o v i n g  c r o p

y i e l d s ,  b u t  a l s o  b e a r  t h e  r i s k  o f  p o l l u t i n g  f r e s h w a t e r  r e s o u r c e s  w i t h  p o t e n t i a l l y

h a r m f u l  i m p a c t s  o n  h u m a n  h e a l t h  w h e n  l e a c h e d  i n t o  d r i n k i n g  w a t e r

(Tudi et al., 2021). Diffuse pesticide leaching from agricultural fields is the dominant

source of pesticides in streams and groundwater.

Pesticide management practices for runoff or groundwater protection areas have

been adopted in the US since the 1980; mandating for example minimum irrigation

amounts (6 – 25 mm) and banded applications to reduce surface runoff  or leaching

r i s k  t o  g r o u n d w a t e r  ( P C P A ,  1 9 8 5 ).  T h e  m a i n  p r o c e s s e s  c o n t r o l l i n g  t h e  f a t e  o f

p e s t i c i d e s  i n  t h e  e n v i r o n m e n t  a r e  d e g r a d a t i o n ,  r e t e n t i o n ,  v o l a t i l i z a t i o n ,  d r i f t ,

a tmospheric  d ispers ion,  runoff ,  and leaching (Mottes  et  a l . ,  2014).  Once pest ic ides

enter the soil or vadose zone, their fate is controlled by adsorption to clay particles or

organic matter, transformation and degradation processes, soil water fl ow, and crop

uptake (Köhne et al., 2009). 

W h i l e  p e s t i c i d e  f a t e  a n d  t r a n s p o r t  h a s  b e e n  s t u d i e d  a t  s o i l  c o l u m n  t o  p l o t  t o

catchment scales for decades, understanding their fate in natural or structured soils

h a s  b e e n  a  p a r t i c u l a r  c h a l l e n g e  s i n c e  s t r u c t u r e d  s o i l s  c a n  p r e f e r e n t i a l l y  l e a c h

p e s t i c i d e s  o r  o t h e r  c o n t a m i n a n t s  v i a  n o n - e q u i l i b r i u m  p r e f e r e n t i a l  fl o w  p a t h s  ( e . g .

macropore flow) before they can degrade or be adsorbed. Most agricultural soils are

structured soils that contain various soil horizons with contrasting soil hydraulic or

c h e m i c a l  p r o p e r t i e s .  I n  a d d i t i o n ,  a g r i c u l t u r a l  s o i l s  r e c e i v i n g  p e s t i c i d e  a p p l i c a t i o n s

often undergo a variety of natural processes (e.g. wetting-drying cycles, shrink-swell
3
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b e h a v i o r )  a n d  m a n a g e m e n t  p r a c t i c e s  ( e . g .  t i l l a g e ,  p l o w i n g )  t h a t  c a n  f a c i l i t a t e

preferential flow.

B e c a u s e  s t r u c t u r e d  s o i l s  a r e  p r o n e  t o  p r e f e r e n t i a l  fl o w ,  p e s t i c i d e  t r a n s p o r t

m o d e l s  ( e . g .  M A C R O ,  H Y D R U S ,  P E A R L ,  D A I S Y ,  C R A C K - N P ,  R Z W Q M ,

PESTLIS, SIMULAT) that explicitly consider preferential flow have been shown to

o u t p e r f o r m  m o d e l s  t h a t  d o  n o t  ( K ö h n e  e t  a l . ,  2 0 0 9 ;  S c o r z a  a n d  B o e s t e n ,

2005). For example, Holback et al. (2022) used the agrohydrological model DAISY

to simulate the transport of bentazone and imidacloprid to drainpipes in a cracking

clay field. After incorporating preferential flow features such as biopores and cracks

into the model, it simulated satisfactorily water flow and pesticide leaching to drain

tiles (Holbak et al., 2022). Imig et al. (2023) observed the transport of four herbicides

(metolachlor, terbuthylazine, prosulfuron, and nicosulfuron) in two lysimeters fi lled

with a sandy gravel and clayey sandy silt over 4.5 years and simulated transport in

H Y D R U S - 1 D .  T h e y  f o u n d  t h a t  p e s t i c i d e  t r a n s p o r t  c o u l d  b e  a d e q u a t e l y  d e s c r i b e d

using nonequilibrium (i.e. dual-porosity) models, where each model had a differently

s i z e d  m o b i l e  a n d  i m m o b i l e  z o n e s .  F o r  t h e  c l a y e y  s a n d y  s i l t  t h e  r e l a t i v e l y  s m a l l

mobile zone was dominating solute transport, leading to higher solute concentration

in the column drainage (Imig et al., 2023a). Dusek et al. (2015) simulated the fate and

t r a n s p o r t  o f  fi v e  p e s t i c i d e s  (a t r a z i n e ,  i m a z a q u i n ,  s u l f o m e t u r o n  m e t h y l ,  S -

m e t o l a c h l o r ,  a n d  i m i d a c l o p r i d)  i n  a n  u n d i s t u r b e d  t r o p i c a l  O x i s o l  s o i l  c o l u m n

experiment by considering (or not) chemical nonequilibrium in HYDRUS-1D. They

showed that atrazine, sulfometuron methyl, and S-metolachlor were better described

c o n s i d e r i n g  k i n e t i c  s o r p t i o n ,  w h i l e  t h e  o t h e r  t w o  p e s t i c i d e s  c o u l d  b e  s u ffi c i e n t l y

characterized using the chemical equilibrium model (Dusek et al., 2015). Sidoli et al.

(2016) investigated the fate and transport of metolachlor and its two metabolites in

c o l u m n - l e a c h i n g  e x p e r i m e n t s  i n  g l a c i o fl u v i a l  s o i l s ,  c o n s i d e r i n g  b o t h  p h y s i c a l  a n d

c h e m i c a l  n o n e q u i l i b r i u m  i n  H Y D R U S - 1 D .  T h e y  i d e n t i fi e d  a  s t r o n g  i n fl u e n c e  o f

c h e m i c a l  n o n e q u i l i b r i u m  o n  t h e  f a t e  o f  m e t o l a c h l o r  b u t  n o t  t h e  m e t a b o l i t e s
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(Sidoli et al., 2016). Köhne et al. (2006) applied multiple physical and nonequilibrium

m o d e l s  i n  H Y D R U S - 1 D  t o  s i m u l a t e t h e  f a t e  a n d  t r a n s p o r t  o f  i s o p r o t u r o n ,

t e r bu ra z i ne ,  a nd  b ro m id e  ( Br−) i n  a gg re g a t e d  l oa m  c o lu m ns  s u b j e c t e d  t o  m u l t i p l e

irrigation cycles. They showed that simultaneous consideration of preferential  fl ow

a n d  k i n e t i c  a d s o r p t i o n  ( u s i n g  t h e  d u a l - p e r m e a b i l i t y  m o d e l  w i t h  t w o - s i t e  s o r p t i o n )

provided the best model performance (Köhne et al., 2006).

M a n y  s t u d i e s  t o  d a t e  h a v e  f o c u s e d  o n  p e s t i c i d e  l e a c h i n g  i n  a g r i c u l t u r a l  s o i l s

u n d e r  c o n t r o l l e d  c o n d i t i o n s  ( e . g .  s o i l  c o l u m n  o r  l y s i m e t e r  e x p e r i m e n t s )  o r  n a t u r a l

p r e c i p i t a t i o n  o r  i r r i g a t i o n  r e g i m e s  t o  e v a l u a t e  s o i l  m a n a g e m e n t  a n d  p e s t i c i d e

management practices for different soil types. These studies have resulted in pesticide

best management practices such as pesticides with medium or high mobility should

n o t  b e  a p p l i e d  t o  s a t u r a t e d  s o i l s  o r  p r i o r  t o  h e a v y  i r r i g a t i o n

(Waskom, 1995). However, not many studies have focused on the fate and transport

of pesticides under large water applications (> 150 mm [6 inches]), in coarse textured

soils (e.g. soils that support large percolation rates), considering preferential flow and

kinetic transformation processes (Pang et al., 2000). The study of pesticide fate under

l a r g e  w a t e r  a p p l i c a t i o n s  i s  o f  p a r t i c u l a r  i n t e r e s t ,  a s  m a n y  g r o u n d w a t e r - d e p e n d e n t

a g r i c u l t u r a l  r e g i o n s  e x p e r i e n c e  g r o w i n g  g r o u n d w a t e r  o v e r d r a f t

(Perez et al., 2024), requiring managed aquifer recharge of depleted aquifers by using

a g r i c u l t u r a l  l a n d s  f o r  b o t h ,  a g r i c u l t u r a l  p r o d u c t i o n  a n d  m a n a g e d  a q u i f e r  r e c h a r g e

( M A R )  ( D a h l k e  e t  a l . ,  2 0 1 8 ;  L e v i n t a l  e t  a l . ,  2 0 2 3 a ;  L e v i n t a l  e t  a l . ,

2 0 2 3 b ).  A g r i c u l t u r a l  m a n a g e d  a q u i f e r  r e c h a r g e  ( A g - M A R ) ,  a  m e t h o d  w h e r e

groundwater is actively replenished by spreading flood flows onto agricultural lands,

may exacerbate the leaching of pesticide residues from the root zone to groundwater

because of the large amounts of water (e.g. 0.5 to over 10 m of recharge) applied for

MAR (Bachand et al., 2014; Guo et al., 2023; Levintal et al., 2023a; Murphy et al.,

2 0 2 1 ;  W a t e r h o u s e  e t  a l . ,  2 0 2 0 ). D e t a i l e d  k n o w l e d g e  o f  t h e  f a t e  a n d  t r a n s p o r t  o f

pesticides in the vadose zone of agricultural soils when flooded for MAR is needed to
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a d e q u a t e l y  i n f o r m  t h e  p l a c i n g  o f  s u i t a b l e  A g - M A R  l o c a t i o n s .  E v i d e n c e  t h a t  t h e s e

systems or conditions require more research can be gleaned from a few studies that

observed early arrivals of pesticides at  the groundwater table in response to strong

precipitation or irrigation events soon after pesticides were applied in coarser, more

h e t e r o g e n e o u s  s o i l s  ( C z a p a r  e t  a l . ,  1 9 9 2 ;  S t a g n i t t i  e t  a l . ,

1995). Addressing this gap helps us assess the feasibility of implementing Ag-MAR

while avoiding (or minimizing) groundwater pollution.

In this study, we combine field observations and non-equilibrium flow modeling

i n  H Y D R U S - 1 D  t o  d e s c r i b e  t h e  f a t e  a n d  t r a n s p o r t  o f  f o u r  p e s t i c i d e s

(imidacloprid, thiamethoxam, chlorantraniliprole, and methoxyfenozide) and bromide

i n  th e  v ad os e  z on e  o f  t h r e e  A g -M A R fi e l d  s i t e s  i n  t he  Ce n t r a l  V a l l e y ,  Ca l i fo rn i a ,

U S A .  O u r  m a i n  r e s e a r c h  o b j e c t i v e s  a r e  1 )  t o  c a p t u r e  a n d  c o m p a r e  t h e  f a t e  a n d

transport of the four pesticides in three agricultural soils in response to one large (1.2

m) water application using water balance and mass balance approaches; 2) evaluate

the role of vadose zone heterogeneity (e.g. soil hydraulic and chemical properties) on

the occurrence of non-equilibrium preferential flow at the three sites and its impact on

t h e  w a t e r  a n d  c o n t a m i n a n t  ( e . g . ,  p e s t i c i d e s ,  B r-)  t r a n s i t  t i m e s ;  a n d  3 )  a n a l y z e

sensitivity of solute transport and reaction parameters in HYDRUS, their calibration

using global optimization methods, and how they related to dominant processes and

factors governing the fate and transport of pesticides.

2 Methods

2.1 Study site and soil texture profiles
The Ag-MAR experiment was conducted at the Terranova Ranch (36°34'27"N

120°05 '39"W,  50  m) ,  loca ted  sou thwes t  o f  F resno ,  CA,  USA (Fig .  1a) ,  w i th in  the

Kings River  basin ,  which  is  underla in by  a  predominantly  sand and gravel  aquifer

b o u n d  b y  t h e  C o r c o r a n  C l a y  a t  a  d e p t h  o f  1 4 0  m ,  a  t h i c k  a q u i t a r d  t h a t  s p a n s  t h e
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w e s t e r n  h a l f  o f  t h e  K i n g s  R i v e r  b a s i n .  T h e  d e p t h  o f  t h e  g r o u n d w a t e r  t a b l e  w a s

approximately 70 meters at the time of data acquisition (February 2021).

T h e  s o i l  a t  t h e  s i t e  i s  a  T r a v e r  fi n e  s a n d y  l o a m  ( fi n e - l o a m y ,  m i x e d ,  t h e r m i c

Natric Haploxeralf). Laboratory sediment analysis of undisturbed soil samples of the

t o p  2 . 5  m  o f  e a c h  s o i l  p r o fi l e  ( P 1 ,  P 2 ,  a n d  P 3 )  s h o w e d  p r o g r e s s i v e l y  i n c r e a s i n g

f r a c t i o n s  o f  s a n d  f r o m  P 1  ( 4 1 % )  t o  P 3  ( 6 1 % )  a n d  f u r t h e r  t o  P 2  ( 8 4 % )

(Fig.  7 and Table S1),  with a  cemented duripan at around 1 m depth at  P1 and P3

(Bachand et al., 2014).

2.2 Application of flood water, bromide tracer, and pesticides
A 32,376 m2 (8 acres) recharge plot  (Fig.  1b) was fl ooded in February 16-24,

2021, using pumped groundwater. A total of 38,774.74 m3 of water (1.2 m in depth)

was applied at a fl ow rate of ~3.35 m3/min. The start times of fl ooding at each soil

p rofi le  loca t ion  were  deduced  f rom the  t ime  o f  wa te r  con ten t  i nc rease ,  which  was

12:50 on Feb. 16 at P3, 14:00 on Feb. 17 at P2, and 8:00 on Feb. 18 at P1. The end

times of flooding at each soil profile were deduced from the endpoints of decreasing

levels in surface ponding, which were 12:40 on Feb. 24 at P3, 19:50 on Feb. 24 at

P2, and 19:50 on Feb. 24 at P1.

At each profi le, 541 g of Br- (806 g of KBr) dissolved in 100 L of water were

app l ied .  The  a rea  o f  the  t r acer  app l ica t ion  was  2 .57  m2 wi th in  each  p rofi le  (F ig .

1c). The KBr solution was applied on February 15th, 2021, at P1 and P2, on February

16th, 2021, at P3, between 7:30-10 am. Br- was thus applied at a concentration of 5410

ppm at an irrigation rate of 0.00381 cm/min.

Table S2 shows the history of pesticide applications and their rates for the four

p e s t i c i d e s  s t u d i e d  h e r e  (i m i d a c l o p r i d,  t h i a m e t h o x a m,  c h l o r a n t r a n i l i p r o l e,  a n d

methoxyfenozide).  Table S3 provides the basic  physical and chemical  propert ies of

these pesticides.
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Fig. 1. A schematic of the study site in California, USA (a), the recharge plot, three
soil profiles P1, P2, P3, and the potassium bromide (KBr) application location in each
profile (b), sensors and suction cups in each profile (c), and sampling details (d).

2.3 Field monitoring and data collection
The meteorological  data, including precipi tat ion (P)  and potential  evaporat ion

(Ep) ,  w e r e  o b t a i n e d  f r o m  s t a t i o n  2  ( F i v e  P o i n t s )  o f  t h e  C I M I S  n e t w o r k

(https://cimis.water.ca.gov/).

Sensors were installed at depths of 0.2, 0.6, 1.0, and 2.5 m at each soil profile.

Sensors measuring ponding depth (CS-451, Campbell Scientific, Logan, UT, USA),

s o i l  w a t e r  c o n t e n t ,  e l e c t r i c a l  c o n d u c t i v i t y  ( E C ) ,  a n d  s o i l  t e m p e r a t u r e  ( T E R O S - 1 2 ,

M E T E R  I n c . ,  S a n  F r a n c i s c o ,  C A ,  U S A ) ,  s o i l  O2 ( F i g a r o  K E - 2 5 ,  F i g a r o  S e n s o r s ,
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Rolling Meadows, IL, USA), and oxidation-reduction potential (ORP; built in house)

were logged at a 10-minute time interval (Fig. 1c-1d).

Breakthrough curve data for the KBr tracer and pesticides were collected using

high-volume dual-chamber suction cups (Model 1920 F1L24-B02M2, SoilMoisture

Inc., Goleta, CA, USA), which were installed at depths of 20, 60, 100, 175, and 250

cm and sampled at 7:00, 11:00, 15:00, 19:00, and 23:00 every day during fl ooding.

T h e  s u c t i o n  c u p s  w e r e  i n s t a l l e d  a p p r o x i m a t e l y 5 0  c m  f r o m  o n e  a n o t h e r  w i t h i n  a

h o r i z o n t a l  d i s t a n c e  o f  3 . 5  m e t e r s  f r o m  t h e  s e n s o r  p r o fi l e

(Fig. 1c-1d). 

2.4 HYDRUS-1D model setup
Water flow and the transport of potassium bromide (KBr) and pesticides in the

unsaturated zone were simulated using the single and dual-porosity models (SPM and

DPM) of the HYDRUS-1D software (Šimůnek et al., 2016). SPM assumes that flow

and transport processes in soil are uniform and can be described using the Richards

and  advec t ion -d i spe r s ion  equa t ions ,  r e spec t ive ly .  DP M d iv ides  t he  s o i l  pore  space

i n t o  m o b i l e  a n d  i m m o b i l e  r e g i o n s  ( i . e . ,  c o n s i d e r i n g  p r e f e r e n t i a l  fl o w / t r a n s p o r t ) .

Water flow or solute transport occurs only in the mobile region, as described by the

Richards  and advect ion-dispers ion  equat ions ,  respect ively.  At  the  same t ime,  there

can be water/solute transfer between these two regions. The model setup, including

input data,  init ial/boundary condit ions and governing equations,  is shown in Fig.  2

and Table S4. More details about the governing equations can be found in Text S1

(Supporting Information).

The 250 cm soil profile was divided into five modeling layers ranging from 0-46

cm, 47-76 cm, 77-122 cm, 123-182, and 183-250 cm by grouping the original  soi l

texture of  the profi le  (Table S1)  and associat ing each model  layer  with one sensor

d e p t h  ( s e n s o r  i n s t a l l e d  a t  0 . 2 ,  0 . 6 ,  1 ,  1 . 7 5  a n d  2 . 5  m ) .

The simulation period was 104 days long, from 0:00 on Dec. 17, 2020, to 24:00 on
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Mar. 31, 2021, which included pre-fl ooding, fl ooding (Feb. 16~Feb. 24, 2021), and

post-flooding periods. The spatial discretization was 1 cm throughout the soil profile,

wh i l e  t he  t e mpora l  d i sc r e t i za t i on  wa s  va r i ab l e ,  w i th  a  m in im um t i me  s t e p  o f  0 .01

minutes.

T h e  i n i t i a l  s o i l  p r e s s u r e  h e a d  p r o fi l e  w a s  o b t a i n e d  f r o m  m e a s u r e d  s o i l  w a t e r

contents at four soil depths (20, 60, 100, and 250 cm) and soil water retention curves

o f  t y p i c a l  s o i l  t e x t u r e  c l a s s e s  ( R a d c l i ff e  a n d  Š i m ů n e k ,  2 0 1 8 ) a n d  t h e n  l i n e a r l y

i n t e r p o l a t e d  b e t w e e n  a n y  t w o  m e a s u r e m e n t  d e p t h s .  T h e  i n i t i a l

Br- concentrations were set to zero throughout the soil profi le, while the initial soil

water pesticide concentrations were prescribed based on field measurements.

For water fl ow, the upper boundary condition (BC) was set to an atmospheric

fl ux (with a maximum allowed surface water layer of 50 cm, i.e.,  the height of the

berms). The potential water flux across the soil surface is the difference between daily

v a l u e s  o f  p o t e n t i a l  e v a p o r a t i o n ,  Ep,  a n d  p r e c i p i t a t i o n  (P)  o r  fl o o d  i r r i g a t i o n

(F). The lower BC at the soil depth of 250 cm was set to free drainage because of the

l o w  w a t e r  t a b l e  a t  t h e  s i t e  ( 7 5  m ) .  F o r  s o l u t e  t r a n s p o r t ,

t h e  u p p e r  B C  w a s  p r e s c r i b e d  a s  a  s o l u t e  fl u x  ( i . e . ,  a  C a u c h y  B C ) ,  w i t h  b r o m i d e

c o n c e n t r a t i o n s  a n d  i r r i g a t i o n  fl u x e s  d u r i n g  t h e  b r o m i d e  a p p l i c a t i o n  a s  i n p u t s .  T h e

model  then automatical ly adjusts  surface bromide concentrat ions depending on the

d e p t h  o f  t h e  s u r f a c e  w a t e r  l e v e l ,  e v a p o r a t i o n ,  p r e c i p i t a t i o n ,  i r r i g a t i o n  fl u x e s ,  a n d

a s s o c i a t e d  b r o m i d e  c o n c e n t r a t i o n s .  T h e  l o w e r  B C  w a s  p r e s c r i b e d  a s  a  z e r o -

c o n c e n t r a t i o n  g r a d i e n t  ( i . e . ,  a  N e u m a n n  B C  w h e n  o n l y  a  c o n v e c t i v e  s o l u t e  fl u x

occurs).
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Figure 2. Conceptual model setups for the (a) single-porosity and (b) dual-porosity
models (SPM and DPM, respectively). Note that “W” and “S” represent water flow
a nd  s o l u t e  t r a n s po r t ,  r e s pe c t i v e ly .  T he  e x p l a na t i on s  o f  e ac h  v a r i ab l e  a r e  s ho w n  i n
Supplemental materials S1.

2.5 Parameter optimization and sensitivity analysis 
In  th is  s tudy ,  we  adopted  a  two-s tep  op t imiza t ion .  S ince  bromide t ranspor t  i s

largely unaffected by adsorption/desorption and degradation, measured breakthrough

curves  (BTCs)  o f  b romide  w ere  u sed  fi r s t  t o  e s t ima te  t he  so i l  hydrau l i c  and  bas ic
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(e.g., dispersivity) solute transport parameters for both the single and dual-porosity

models.

In the single-porosity models, θr was not optimized. Instead, the default values

of corresponding soil textures were adopted first and then manually adjusted to obtain

a better model fit. Therefore, five parameters (θs, α, n, K s, and λ) were optimized for

each layer (25 parameters in total). The ranges of other parameters (Table S5) were

prescribed as 1/5th and 6/5th of the minimum and maximum of their initial values for

a l l  s o i l  t e x t u r e s  i n  e a c h  m o d e l i n g  l a y e r ,  o b t a i n e d  f r o m  t h e  R o s e t t a  m o d u l e  i n

HYDRUS-1D, based on measured soil textural data (Table S1).

T o  r e d u c e  t h e  n u m b e r  o f  o p t i m i z e d  p a r a m e t e r s  i n  t h e  d u a l - p o r o s i t y  m o d e l ,

θm, r was set to zero, as done in many similar studies (Haws et al., 2005; Šimůnek et

a l . ,  2001).  Therefore ,  e ight  parameters (θmo , s,  α,  n ,  K s,  θℑ ,r,  θℑ , s,  ωw,  and  λ) were

o p t i m i z e d  f o r  e a c h  l a y e r  ( 4 0  p a r a m e t e r s  i n  t o t a l ) .  T h e   r a n g e s  o f

α, n, K s, and λ (Table S7) were the same as those in the single-porosity models. The

upper boundary of θmo , s and  θℑ , s were the same as ranges of θs in the single-porosity

models, while the lower boundary was set as 0.1 and 0.01, respectively. The  ranges

o f  θℑ ,r a n d  ωw ( T a b l e  S 7 )  w e r e  s e t  t o  0 ~ 0 . 1  ( I m i g  e t  a l . ,  2 0 2 3 b ) a n d  0 ~ 7 e - 3

min-1 (Brunetti et al., 2016), respectively.

I n  t h e  s e c o n d  s t e p ,  t h e  p a r a m e t e r s  θs,  α,  n,  K s, a n d  λ i n  t h e  s i n g l e - p o r o s i t y

model  or  θmo , s,  α,  n,  K s,  θℑ ,r,  θℑ , s,  ωw,  and  λ in  the  dual-poros i ty  model  obta ined

d u r i n g  t h e  fi r s t  s t e p  w e r e  fi x e d ,  w h i l e  t h e  p e s t i c i d e  r e a c t i o n  p a r a m e t e r s

(i.e., adsorption and degradation) were optimized based on measured pesticide BTCs.

I n  t h i s  s t u d y ,  c h e m i c a l  n o n e q u i l i b r i u m  w a s  n o t  c o n s i d e r e d .  T h e r e f o r e ,

two parameters (Kd  and μ) were optimized for each layer (10 parameters in total) in

the single-porosity model, while three parameters (Kd , μ, and ωs) were optimized for

e a c h  l a y e r  ( 1 5  p a r a m e t e r s  i n  t o t a l )  i n  t h e  d u a l - p o r o s i t y

model. Measurements of degradation or sorption parameters specific to the study site

were unavailable. The ranges of Kd  (Tables S6 and S8) were prescribed as 0 and 6/5

12

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284



t imes the maximum of Koc*TOC (i .e. ,  the total  organic carbon content)  for all  soil

textures in each modeling layer (Tables S1 and S3). The ranges of μ (Tables S6 and

S 8 )  w e r e  p r e s c r i b e d  a s  0  a n d  6 / 5  t i m e s  t h e  m a x i m u m  o f

l n 2 /t 1/2 f o r  a l l  s o i l  t e x t u r e s  i n  e a c h  m o d e l i n g  l a y e r  ( T a b l e  S 3 ) .  T h e  r a n g e s  o f

ωs (Table S8) were set to 0~7e-3 min-1 (Imig et al., 2023a).

T h e  p a r a m e t e r  o p t i m i z a t i o n  w a s  p e r f o r m e d  u s i n g  t h e  p a r t i c l e  s w a r m

op t im i z a t i o n  (P S O )  a l go r i t hm u s i ng  the  P yS w ar m  L i b r a ry  i n  P y t h on.  A  s w a rm  o f

candidate solutions is moved around in the search space in the PSO according to a few

equat ions .  The  movement  of  the  par t i c les  i s  gu ided by  thei r  opt imal  pos i t ions  and

t ha t  o f  t he  w h o l e  s w a rm .  O n ce  im p ro ve d  p os i t i on s  a r e  d i s c o ve re d ,  t h e y  gu i de  t h e

swarm's movement. This process is repeated until the global optimal position that all

particles tend to follow is found (Shi and Eberhart,  1998). More details about PSO

can be  found in (Brunet t i  e t  a l . ,  2016) (Brunet t i  e t  a l . ,  2017;  Brunet t i  e t  a l . ,  2022;

Zhou et al., 2022).

T h e  P S O  p a r a m e t e r s  ( c o g n i t i v e  p a r a m e t e r  c1= - 0 . 2 6 7 ;  s o c i a l  p a r a m e t e r

c2=3.395;  iner t i a-weight  w=-0.444)  (Brune t t i  e t  a l . ,  2016) were  used  in  th is  s tudy.

T h e  n u m b e r  o f  s w a r m  p a r t i c l e s  a n d  i t e r a t i o n s  i s  2 0 0 ;  t h u s ,  e a c h  p a r a m e t e r

optimization had 40,000 runs. The Python script produces an input parameter space,

overwr i te s  t he  inpu t  parame ter  fi le, and  runs  the  execu tab le  module o f  HYDRUS-

1 D. F o r  e a c h  P S O  r u n  f o r  t h e  w a t e r  fl o w  a n d  b r o m i d e  t r a n s p o r t

parameter s,  t he  Kl ing-Gupta  effi c iency (KGE)  ind ices  fo r  the  dynamics  o f  su r face

p o n d i n g  l e v e l s  ( K G E _ s p ) ,  s o i l  w a t e r  c o n t e n t s  ( K G E _ w c ) ,  a n d  b r o m i d e

c o n c e n t r a t i o n s  ( K G E _ B r ) ,  a n d  t h e i r  w e i g h t e d  a v e r ag e

( K G E _ a v g = 0 . 7 * K G E _ w c + 0 . 2 * K G E _ s p + 0 . 1 * K G E _ B r ,  w h e r e  t h e  w e i g h t s  w e r e

determined based on the degree of trust in these three types of data) were calculated.

F o r  e a c h  P S O  r u n  f o r  t h e  p e s t i c i d e  t r a n s p o r t  a n d  r e a c t i o n

p a r a m e t e r s,  t h e  K l i n g - G u p t a  e ffi c i e n c y ( K G E )  i n d i c e s  f o r  p e s t i c i d e  c o n c e n t r a t i o n s

( i . e . ,  K G E _I m i d a c l o p r i d,  K G E _T h i a m e t h o x a m,  K G E _C h l o r a n t r a n i l i p r o l e,
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KGE_Methoxyfenoz ide)  were  ca lcula ted .  The KGE index compares  the  corre la t ion

c o e ffi c i e n t  (r) ,  t h e  r a t i o  o f  m e a n  v a l u e s  (β) ,  a n d  t h e  r a t i o  o f  v a r i a n c e s

(γ) between simulated and observed data (Knoben et al., 2019). The value of the KGE

index is always smaller or equal  to 1.  The higher the KGE value,  the better  the fi t

between the simulated and observed values.

KGE=1−[(1−r )
2
+ (1−β )

2
+(1−γ)2

]
0.5 (22)

I f  a  H Y D R U S - 1 D  r u n  w a s  n o t  fi n i s h e d  w i t h i n  a  p r e s c r i b e d  t i m e  ( i . e . ,

6 0  s  f o r  t h e  s i n g l e - p o r o s i t y  m o d e l s  a n d  6 0 0  s  f o r  t h e  d u a l - p o r o s i t y

models) or the length of the modeled hydrograph was shorter than the total simulation

period (149,760 minutes), the run was considered non-convergent. The run was then

t e r m i n a t e d ,  a n d  a  l a r g e  n e g a t i v e  v a l u e  ( - 1 E + 7 ) w a s  a s s i g n e d  t o  t h e  o b j e c t i v e

function.  Only the parameters leading to  the maximum KGE_avg were retained as

optimized parameters.

T h e  S o b o l '  g l o b a l  s e n s i t i v i t y  a n a l y s i s  w a s  c o n d u c t e d  u s i n g  t h e  S e n s i t i v i t y

A n a l y s i s  L i b r a r y  ( S A L i b )  i n  P y t h o n t o  i d e n t i f y  t h e  m o s t  i n fl u e n t i a l  t r a n s p o r t  a n d

reaction parameters of pesticides (Text S2).

3 Results

3.1 Model parameters and performance
T h e  H Y D R U S - 1 D  s i n g l e - p o r o s i t y  ( S P )  a n d  d u a l - p o r o s i t y  ( D P )  fl o w  a n d

t r a ns po r t  m o de l s  w er e  fi r s t  fi t  t o  t he  o bs e r ve d  v o l um e t r i c  w a t e r  c on te n t s ,  po nd i ng

depths, and KBr tracer breakthrough data before pesticide adsorption and degradation

p a r a m e t e r s  w e r e  o p t i m i z e d.  W i t h  a  f e w  e x c e p t i o n s ,  t h e  o p t i m i z e d  s o i l  h y d r a u l i c

parameters (Tables S4-S5) fell within the typical ranges of other studies (Text S1).

Although all three Ag-MAR sites were classifi ed as Traver fine sandy loam, the P1

and P3 sites exhibited a clear cemented duripan at 77-122 cm depth (Bachand et al.,

2 0 1 4 ),  w h i c h  r e s u l t e d  i n  l o w e r  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t i e s
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(K s) at these depths (about 0.022 cm/min). In general, K s values were largest at P2,

the sandiest profile of the three (84% sand), and lowest at P1 (41% sand), while P3

( 6 1 %  s a n d )  w a s  i n  b e t w e e n  t h e  t w o .  O p t i m i z e d  a d s o r p t i o n  a n d  d e g r a d a t i o n

coeffi cien t s  fo r  t he  pes t i c ides  (Tab le s  S4 -S6 )  were  l a rges t  a t  P 1  and  lowes t  a t  P2 ,

f o l l o w i n g  t h e  p a t t e r n  o f  t h e i r  t o t a l  o r g a n i c  m a t t e r  c o n t e n t s  ( F i g .  7 ) .  I n  a d d i t i o n ,

chlorantraniliprole and methoxyfenozide had relatively higher adsorption but lower

d e g r a d a t i o n  c o e ffi c i e n t s  t h a n  i m i d a c l o p r i d a n d  t h i a m e t h o x a m,  i n d i c a t i n g  t h a t  t h e y

were less mobile and more persistent in the environment.

The observed surface ponding levels (Fig. 3) quickly increased to their maximum

(about 11 cm, 12 cm, and 21 cm in profiles P1, P2, and P3, respectively) because of

continuous flooding. After that, the ponding level decreased when water application

stopped. The water contents at all depths (Fig. 4) exhibited increasing trends during

the flooding period and decreased during the post-flooding period.

The bromide BTCs at all depths (Fig. 5) first showed increased concentrations,

f o l l o w e d  b y  d e c r e a s e d  c o n c e n t r a t i o n s  w i t h  t i m e .  T h e  P 2  p r o fi l e  o v e r a l l  h a d  t h e

l o w e s t  c o n c e n t r a t i o n s ,  t h e  f a s t e s t  a r r i v a l  r a t e s  o f  p e a k  c o n c e n t r a t i o n s  a f t e r  t h e

flooding, and the least pronounced tailing of BTCs. In contrast, the P1 profile had the

h i g h e s t  c o n c e n t r a t i o n s ,  t h e  s l o w e s t  a r r i v a l  t i m e s  o f  p e a k  c o n c e n t r a t i o n s  a f t e r  t h e

flooding started, and the most pronounced tailing of BTCs.

Most pesticide BTCs (Fig 6 and Figs. S1-S3) showed reduced concentrations in

t h e  s u r f a c e  l a y e r s  d u e  t o  l e a c h i n g  f r o m  fl o o d i n g ,  e x c e p t  f o r

m e t h o x y f e n o z i d e,  w h i c h  i n c r e a s e d  i n  c o n c e n t r a t i o n  a t  2 0  c m  d u e  t o  t h e  p e s t i c i d e

transfer from the topmost layer. However, changes in pesticide concentrations within

the deeper layers varied a lot,  from rising (mostly at P1), falling (mostly at P2), or

initially rising before falling (mostly at P2 and P3). These patterns indicate different

arrival rates of peak pesticide concentrations during flooding: slowest at P1, fastest at

P2, and medium at P3.
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In the single-porosity models (SPM) fitted to the BTCs, simulated wetting fronts

progressively arrived later at increasing depths than those observed, especially at P2

and P3. Similar to wetting fronts, simulated bromide breakthroughs arrived later than

those observed at depths at P2 and P3. The simulated bromide BTCs also had larger

t a i l i n g s  t h a n  t h o s e  o b s e r v e d .  T h e  m a i n  m i s m a t c h i n  p e s t i c i d e  m o d e l i n g  b e t w e e n

s i m u l a t i o n s  a n d  o b s e r v a t i o n s  w a s  t h e  l a t e  a r r i v a l  o f  B T C s .

These may suggest the presence of preferential flow/transport at P2 and P3 due to the

occurrence of mobile and immobile zones and the solute mass transfer between them.

Due to fast water movement during flooding, mixing with immobile water is limited.

A s  a  r e s u l t ,  s o l u t e  m i x i n g  o c c u r s  m a i n l y  w i t h i n  t h e  a v a i l a b l e  m o b i l e  r e g i o n

(Imig et al., 2023b), leading to higher observed solute concentrations and less tailing

t h a n  s i m u l a t e d  b y  S P M  a t  P 2  a n d  P 3 .  T h i s  a l s o  h i g h l i g h t s  t h e  p o t e n t i a l  u t i l i t y  o f

a p p l y i n g  a  w e i g h t e d  K G E  ( G u p t a  e t  a l . ,  2 0 0 9 ;  L a m o n t a g n e  e t  a l . ,

2 0 2 0 ),  w h i c h  a l l o w s  f o r  s p e c i f y i n g  t h e  r e l a t i v e  i m p o r t a n c e  o f  t h e  t h r e e  K G E

components (i.e., correlation, variability bias, and mean bias between observed and

simulated values) to better capture solute arrivals (Table 1).

The dual-porosity models (DPM) improved the model performance in simulating

surface ponding levels, water contents, and bromide BTCs at P1, but worsened it for

p e s t i c i d e  B T C s . D P M  i m p r o v e d  t h e  m o d e l  p e r f o r m a n c e  i n  s i m u l a t i n g  s u r f a c e

p o n d i n g  l e v e l s  a n d  b r o m i d e ,  i m i d a c l o p r i d,  a n d  c h l o r a n t r a n i l i p r o l e B T C s  a t  P 2 .

However, it worsened the model performance in simulating soil water contents and

t h e  t h i a m e t h o x a m a n d  m e t h o x y f e n o z i d e B T C s.  D P M  i m p r o v e d  t h e  m o d e l

p e r f o r m a n c e  a t  P 3  i n  s i m u l a t i n g  s u r f a c e  p o n d i n g  l e v e l s  a n d  b r o m i d e ,

i m i d a c l o p r i d,  a n d  m e t h o x y f e n o z i d e B T C s .  H o w e v e r ,  i t  w o r s e n e d  i t  f o r  s o i l  w a t e r

contents and thiamethoxam and chlorantraniliprole BTCs. In other words, the model

p e r f o r m a n c e  i n  s i m u l a t i n g  t h e  b r o m i d e  a n d  p e s t i c i d e s  B T C s  c a n n o t  b e  i m p r o v e d

s imul t aneous ly ,  and  i t  can  even  be  worsened  when  swi t ch ing  f rom SP M to  DP M.
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T h i s  m a y  b e  b e c a u s e  t h e  s o l u t e  t r a n s p o r t  p a r a m e t e r s  w e r e  o p t i m i z e d  f o r  b r o m i d e

BTCs and thus may not apply to pesticide BTCs.

O v e r a l l ,  S P M  a n d  D P M  c o u l d  b o t h  c a p t u r e  t h e  g e n e r a l  t r e n d s  o f o b s e r v e d

surface ponding levels,  soil  water contents, and bromide/pesticide BTCs (Table 1).

Köhne et al. (2009) compared different pesticide transport models and concluded that

a  m od e l  g i v e s  s a t i s f a c t o r y  p r e d i c t i o ns  i f  t he  r a t i o  b e tw ee n  m e as u r ed  a n d  mo de l e d

concentrat ions is  less than 3-5 t imes (Köhne et  al . ,  2009).  The rat io  was general ly

l e s s  t h a n  3  i n  t h i s  s t u d y ,  i n d i c a t i n g  t h a t  t h e  fi t  w a s  f a i r l y  g o o d .  T h e  m o d e l

p e r f o r m a n c e  f o r  i m i d a c l o p r i d,  t h i a m e t h o x a m,  a n d  c h l o r a n t r a n i l i p r o l e w a s  m u c h

b e t t e r  t h a n  f o r  m e t h o x y f e n o z i d e.  T h i s  m a y  b e  r e l a t e d  t o  t h e  o m i s s i o n  o f  p o t e n t i a l

c h e m i c a l  n o n e q u i l i b r i u m  i n  t h i s  s t u d y  s i n c e  r a p i d  w a t e r  fl o w  d u r i n g  i n t e n s i v e

fl o o d i n g  m a d e  i t  m o r e  d i ffi c u l t  t o  r e a c h  e q u i l i b r i u m  a d s o r p t i o n

(Dusek et al., 2015).

Surface ponding level

Figure 3. Observed and simulated (using the single-porosity [SPM] and dual-porosity
[DPM] models) surface ponding water levels in the three soil profiles P1, P2, and P3

(left to right). The blue-shaded areas indicate the flooding period.
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Water content

Figure 4. Observed and simulated (using the single-porosity [SPM] and dual-porosity
[DPM] models) soil water contents at different depths (20, 60, 100, and 250 cm; top

to bottom) in the three soil profiles P1, P2, and P3 (left to right). The blue-shaded
areas indicate the flooding period.

Bromide

Figure 5. Observed and simulated (using the single-porosity [SPM] and dual-porosity
[DPM] models) bromide concentrations at different depths (20, 60, 100, and 250 cm;
top to bottom) in the three soil profiles P1, P2, and P3 (left to right). The blue-shaded

areas indicate the flooding period. 
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Imidacloprid

Figure 6. Observed and simulated (using the single-porosity [SPM] and dual-porosity
[DPM] models) imidacloprid concentrations at different depths (20, 60, 100, and 250

cm; top to bottom) in the three soil profiles P1, P2, and P3 (left to right).
The blue-shaded areas indicate the flooding period.

Table 1. Model performance (Kling-Gupta Efficiency) of the single-porosity [SPM]
and dual-porosity [DPM] models to simulate surface ponding levels, soil water

contents, and concentrations of bromide and four pesticides
(imidacloprid, thiamethoxam, chlorantraniliprole, and methoxyfenozide) in the three

soil profiles (P1, P2, and P3).
Variable P1 P2 P3

SPM DPM SPM DPM SPM DPM

Surface ponding level 0.67 0.76 0.02 0.1 0.44 0.6

Water content 0.87 0.89 0.94 0.93 0.83 0.8

Bromide 0.44 0.38 -0.69 -0.38 0.27 0.3

Imidacloprid 0.78 0.73 -0.08 0.7 0.7 0.73

Thiamethoxam 0.67 0.59 0.68 0.66 0.7 0.65

Chlorantraniliprole 0.81 0.56 0.24 0.31 0.89 0.75

Methoxyfenozide 0.65 0.58 0.2 0.14 0.81 0.85

3.2 Water mass balances and travel time of flooding water
The water balance and recharge amounts estimated with the SPMs and DPMs

s h o w e d  d i s t i n c t  d i ff e r e n c e s  w i t h  v a r i a t i o n s  o f  u p  t o  6 %  ( F i g .  7 ,

T a b l e  2) .  G r o u n d w a t e r  r e c h a r g e  w a s  l a r g e s t  a t  P 2  ( S P M :  8 9 . 7 % ,  D P M :  9 0 . 8 % ) ,

s m a l l e s t  a t  P 1  ( 8 2 . 6 % ,  8 3 . 4 % ) ,  a n d  i n t e r m e d i a t e  ( b u t  c l o s e  t o  P 1 )  a t  P 3  ( 8 3 . 6 % ,
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83.6%). The water mass balance varied by up to 8% between P2 and the other two

profiles.

Considering preferential fl ow by DPMs resulted in lower bromide travel times

b y  u p  t o  2 3 %  a n d  h i g h e r  fl o w  v e l o c i t i e s  b y  u p  t o  3 1 %  c o m p a r e d  t o  S P M s .  A s

expected, the sandiest profile P2 had the highest flow velocity, followed by P1, while

P 3  h a d  t h e  l o w e s t .  A c c o r d i n g l y ,  b r o m i d e  t r a n s p o r t  v e l o c i t i e s  b e t w e e n  t h e  t h r e e

profiles differed by about 42 %, ranging between 16.54 and 91.84 cm/day in the 2.5 m

near-surface unsaturated zone (Fig. 7, Table 3).

3.3 Pesticide mass balance
A m o n g  t h e  s i t e s ,  P 2  s h o w e d  t h e  h i g h e s t  l e a c h i n g  e ffi c i e n c y

(L p) with an average of 37.5%, followed by P3 at 19.4%, and P1 at 12.2%. The DPM

model  p red ic ted  s l igh t ly  h ighe r  l each ing  (1 .8% on  ave rage)  compared  to  the  SPM

model, with P2 experiencing approximately 21.6% more leaching than the other sites

on average. Imidacloprid and thiamethoxam had signifi cantly higher leaching rates,

averaging 22.3% more than chlorantraniliprole and methoxyfenozide (Fig. 7, Table

4).

With respect to degradation (D p), P1 had the highest degradation rate, averaging

31.9%, while P2 and P3 were at similar levels (27.7% and 26.6%, respectively). The

DPM model predicted about 2.7% more degradation on average than the SPM, with

P 1  s h o w i n g  a  4 . 8 %  h i g h e r  d e g r a d a t i o n  t h a n  t h e  o t h e r  s i t e s .

I m i d a c l o p r i d a n d  t h i a m e t h o x a m a l s o  d e g r a d e d  m o r e ,  w i t h  a n  a v e r a g e  o f  1 9 . 1 %

higher than chlorantraniliprole and methoxyfenozide (Fig. 7, Table 4).

In terms of retention (S p , final), P1 and P3 retained the most (averaging 56.1% and

57.9%, respectively), while P2 retained the least (43.2%). Retention was about 3.8%

higher in the DPMs than in the SPMs, with P1 and P3 showing an average of 8.2%

more re tent ion than P2.  Chlorantrani l iprole and methoxyfenozide exhibi ted greater
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r e t e n t i o n  i n  t h e  s o i l ,  a v e r a g i n g  3 3 . 9 %  m o r e  t h a n  i m i d a c l o p r i d a n d  t h i a m e t h o x a m

(Fig. 7, Table 4).

R e g a r d i n g  c h a n g e s  i n  p e s t i c i d e  s t o r a g e  (∆ S p , RZ a n d  ∆ S p , DVZ) ,  i m i d a c l o p r i d

and thiamethoxam in general lost significant amounts of pesticides from both the root

zone and deep vadose zone, while chlorantraniliprole and methoxyfenozide typically

showed losses in the root zone but gains in the deep vadose zone (Fig. 7, Table 4).

Overall ,  P1 and P3 showed more retention or degradation, while P2 exhibited

g r e a t e r  l e a c h i n g .  T h e s e  fi n d i n g s  a r e  s u p p o r t e d  b y  t h e  f a c t  t h a t  t h e  a d s o r p t i o n  a n d

degradation coefficients were largest at P1, followed by P3, while they were lowest at

P 2 ,  a s  d i s c u s s e d  i n  S e c t i o n  3 . 1 .  F u r t h e r m o r e ,  t h e  D P M s  g e n e r a l l y  s h o w e d  m o r e

leaching, degradation, and retention than the SPMs
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Figure 7. Conceptual model of flow and pesticide transport processes, water and
pesticide mass balances, and bromide travel times during Ag-MAR in the top 2.5 m
of the three soil profiles (P1, P2, and P3). F: Flooding; E: Evaporation; H: horizontal
flow caused by a capillary barrier; D: Deep drainage. The two numbers to the right of

these terms are water mass amounts (in cm) calculated using the single-porosity
(SPM) and dual-porosity (DPM) models. The bottom bar plots show adsorption,
degradation, and leaching amounts (in ppb.cm) for the four pesticides, including
imidacloprid (IMCP), thiamethoxam (TMTX), chlorantraniliprole (CRNP), and

methoxyfenozide (MTFZ), at the end of the simulations. TOC and MIM represent the
total organic carbon content (%) and Mobile-Immobile zones, respectively.
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Table 2. Water mass balance components for the three soil profiles P1, P2, and P3 calculated using the SPMs and DPMs.
Term P1 P2 P3

SPM DPM Difference SPM DPM Difference SPM DPM Difference
cm % cm % (%) cm % cm % (%) cm % cm % (%)

P+I 128.4 128.4 128.6 128.6 128.4 128.4
E 21.7 16.9 19.5 15.2 -1.7 11.3 8.8 9.0 7.0 -1.8 14.3 11.1 14.1 11.0 -0.1
D 99.1 77.2 94.0 73.2 -4.0 119.7 93.1 114.2 88.8 -4.3 98.3 76.6 105.6 82.2 5.6

∆ S RZ 4.6 3.6 4.4 3.4 -0.2 5.7 4.4 7.6 5.9 1.5 10.6 8.3 11.1 8.6 0.3
∆ S DVZ 6.9 5.4 13.1 10.2 4.8 -4.3 -3.3 2.6 2.0 5.3 9.0 7.0 1.7 1.3 -5.7

GR 106.0 82.6 107.1 83.4 0.9 115.4 89.7 116.8 90.8 1.1 107.3 83.6 107.3 83.6 0

P: precipitation, F: fl ood irrigation, E: evaporation, D: drainage, ∆ S : storage change in the root zone 0~100 cm (∆ S RZ) and deep vadose
zone 100-250 cm (∆ S DVZ ¿, GR: groundwater recharge including D and ∆ S DVZ (since water flow is considered one-dimensional, deep drainage
below the root zone will eventually recharge groundwater) (de Vries and Simmers, 2002).

Table 3. Travel times and average velocities of bromide (calculated by the peak displacement method) from the soil surface to different soil depths
at three soil profiles P1, P2, and P3 calculated using the SPMs and DPMs.

Term Depth (cm) P1 P2 P3

SPM DPM Relative difference (%) SPM DPM Relative difference (%) SPM DPM Relative difference (%)

Travel time (day)

20 1.13 1.08 -4.4 1.21 1.21 0 0.22 0.22 0

60 1.79 1.63 -8.9 1.83 1.71 -6.6 1.13 1.13 0

100 2.67 2.29 -14.2 2.96 2.54 -14.2 2.47 2.13 -13.8

175 3.29 3.63 10.3 4.33 3.5 -19.2 4.38 3.72 -15.1

250 5.63 4.5 -20.1 5.17 3.96 -23.4 5.93 4.88 -17.7

Flow velocity (cm/day) 20 17.71 18.53 4.6 16.54 16.54 0 91.84 91.84 0
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60 33.54 36.83 9.8 32.8 35.1 7 53.2 53.2 0

100 37.46 43.68 16.6 33.79 39.38 16.5 40.52 47 16

175 53.2 48.22 -9.4 40.42 50.01 23.7 39.97 47.07 17.8

250 44.41 55.57 25.1 48.36 63.14 30.6 42.17 51.25 21.5

N o t e  t h a t  t h e  p e a k  d i s p l a c e m e n t  m e t h o d  e s t i m a t e s  t r a v e l  t i m e s  f r o m  t h e  t i m e  l a g  b e t w e e n  s i g n a l s  i n  t h e  i n p u t
(flooding) and output (different soil depths) of bromide BTCs (Zhou et al., 2023).
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Table 4. Solute mass balance components for the four pesticides at the three soil profiles P1, P2, and P3 calculated using the SPMs and DPMs.
Pesticide Term P1 P2 P3

SPM DPM
Differen

ce
SPM DPM Difference SPM DPM Difference

ppb∙cm % ppb∙cm % % ppb∙cm % ppb∙cm % % ppb∙cm % ppb∙cm % %

Imidacloprid S p ,init 280.2 363.6 31.6 33.1 147.2 117.68

L p 9.5 3.4 10.8 3.0 -0.4 18.8 59.5 23.2 71.4 15.1 42.9 29.1 55.8 47.4 18.3

D p 180.9 64.6 161.6 44.4 -20.2 0 0.0 17.0 51.4 54.7 51.0 34.6 43.1 36.6 2.0

S p , final 89.0 31.8 189.7 52.5 20.7 12.8 40.5 14.5 43.8 6.1 53.4 36.3 50.3 42.7 6.4

∆ S p , RZ -120.5 -118.6 -18.2 -16.8 -102.1 79.0

∆ S p , DVZ -70.7 -55.3 -0.6 -1.9 8.3 11.6

Thiamethoxam S p ,init 1052.8 1527.8 592.8 421.7 874.9 1643.9

L p 576.0 54.7 471.0 30.8 -23.9 164.0 27.7 132.0 31.3 3.6 328.5 37.5 234.6 14.3 -23.3

D p 69.0 6.6 17.3 1.1 -5.5 382.7 64.6 244.2 57.9 -6.7 340.7 38.9 963.4 58.6 19.7

S p , final 409.6 38.9 1032.7 67.6 28.7 45.0 7.6 35.6 8.4 0.8 206.3 23.6 517.4 31.5 7.9

∆ S p , RZ -232.0 -309.7 -136.1 -92.6 -303.4 182.7

∆ S p , DVZ -411.1 -185.5 -411.7 -293.5 -365.1 -666.5

Chlorantraniliprole S p ,init 4394.0 2599.6 1689.4 1054.9 702.9 561.6

L p 8.8 0.2 23.1 0.9 0.7 362.4 21.5 581.0 55.1 33.6 65.7 9.3 58.1 10.4 1.1

D p 1073.4 24.4 730.7 28.1 3.7 448.2 26.5 206.8 19.6 -6.9 39.1 5.6 39.8 7.1 1.5

S p , final 3304.1 75.2 1844.7 71.0 -4.2 879.2 52.0 289.9 27.5 70.3 598.4 85.1 460.6 82.0 -3.1

∆ S p , RZ -1035.3 -681.1 -861.2 -244.0 -181.0 -162.6

∆ S p , DVZ -54.7 -73.8 51.0 479.0 76.4 61.7
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Methoxyfenozide S p ,init 440.0 336.4 170.4 120.7 326.4 344.8

L p 7.4 1.7 9.8 2.9 1.2 29.1 17.1 19.3 16.0 -1.1 13.2 4.0 12.0 3.5 -0.5

D p 200.4 45.5 137.1 40.8 -4.7 0 0.0 1.7 1.4 1.4 55.1 16.9 48.7 14.1 -2.8

S p , final 232.1 52.8 198.5 59.0 6.2 141.3 82.9 99.9 82.8 -0.1 258.2 79.1 285.4 82.8 3.7

∆ S p , RZ -103.0 -69.3 -32.6 -24.6 -75.8 -65.2

∆ S p , DVZ -104.9 -68.5 3.5 3.8 7.6 5.7

N o t e  t h a t  Sinit a n d  S final a r e  t h e  i n i t i a l  a n d  fi n a l  p e s t i c i d e  s t o r a g e s  i n  t h e  s o i l  p r o fi l e ,  r e s p e c t i v e l y ,  L p i s  t h e  p e s t i c i d e  m a s s  l e a c h e d  t h r o u g h
drainage, D p is the pesticide mass degraded through chemical or biological reactions, and ∆ S p is pesticide storage change in the root zone 0~100
cm (∆ S p , RZ) and deep vadose zone 100-250 cm (∆ S p , DVZ).
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3.4 Model sensitivity analysis
T he  S ob o l ’  g l o ba l  s en s i t i v i t y  an a ly s i s  w a s  c on du c t ed  t o  i de n t i f y  t he  m o s t  i n fl u e n t i a l

parameters controlling the transport and reaction of pesticides within the SPMs (Table 5 and

T e x t  S 2 ) .  Th e  r e a c t i o n  p a r a m e t e r s  ( e s p e c i a l l y  t h e  a d s o r p t i o n  c o e ffi c i e n t

(K d)  o f  L a y e r  1  ( t h e  s u r fa c e  l a y e r )  w e r e  t h e  m o s t  i n fl u e n t i a l  p a r a m e t e r s  i n  s i m u l a t i n g

chlorantraniliprole at all three profiles and imidacloprid at P2. This finding underscores the

c r i t i c a l  r o l e  t h a t  o r g a n i c  m a t t e r  i n  t h e  s u r f a c e  l a y e r  p l a y s  i n  t h e  a d s o r p t i o n  o f  p e s t i c i d e s ,

which,  in  turn,  aff ects  their  movement through the soil  (Fig.  2) .  In  addit ion to the surface

l a y e r ’ s  r o l e ,  t h e  d e g r a d a t i o n  p a r a m e t e r  (μ)  o f  L a y e r  3  ( t h e  r e s t r i c t i v e  l a y e r  w h e r e  t h e

c e m e n t e d  d u r i p a n  o c c u r s)  w a s  t h e  m o s t  i m p a c t f u l  p a r a m e t e r  i n  s i m u l a t i n g

imidacloprid, thiamethoxam,  and methoxyfenozide at P1 and P3. This is likely because the

presence of a  restrictive layer at  P1 and P3 increased the residence t ime of the infi ltrating

water and the potential for degradation. This finding again validates the conclusion that P1

and P3 show more retention or degradation, while P2 show more leaching, as discussed in

Section 3.3.

Table 5. The most influential soil layers and reaction parameters (adsorption
coefficient 

Kd; degradation coefficient μ) for modeling (using the single-porosity [SPM]) of four
pesticides (imidacloprid, thiamethoxam, chlorantraniliprole, methoxyfenozide) at the three

soil profiles (P1, P2, and P3).
            Profile

Pesticide

P1 P2 P3

Layer Parameter Layer Parameter Layer Parameter

Imidacloprid 3 μ 1 K d 1 μ

Thiamethoxam 3 μ 5 μ 3 μ

Chlorantraniliprole 1 Kd 1 K d 1 K d

Methoxyfenozide 3 μ 3 μ 1 μ
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4 Discussion

4.1 Impacts of preferential flow on pesticide fate and transport
Preferential  fl ow paths were more pronounced in the sandier profi les, such as P2 and

P 3 ,  a s  i n d i c a t e d  b y  t h e  e a r l i e r  a r r i v a l  o f  o b s e r v e d  w a t e r  a n d  s o l u t e  f r o n t s ,  h i g h e r  p e a k

c o n c e n t r a t i o n s ,  a n d  n a r r o w e r  b r o m i d e  a n d  p e s t i c i d e  B T C s  t h a n  s i m u l a t e d  ( e . g . ,  f o r

imidacloprid and chlorantraniliprole at P2 and thiamethoxam at P3) (Figs. 5-6 and Figs. S1-

S3). Preferential flow led to faster water flow (Table 3), more groundwater recharge (Table

2) and more pesticide leaching (Table 4) in the unsaturated zone at P2 and P3, especially for

more mobile pesticides like imidacloprid and thiamethoxam. The possible mechanisms that

c a u s e d  p r e f e r e n t i a l  w a s  e l a b o r a t e d  i n  s i m i l a r  A g - M A R  r e s e a r c h

(Zhou et al., 2023).

I n t e r e s t i n g l y ,  c o n s i d e r i n g  p r e f e r e n t i a l  fl o w  u s i n g  t h e  d u a l - p o r o s i t y  m o d e l s  ( D P M s )

p r e d i c t e d  h i g h e r  d e g r a d a t i o n  a n d  r e t e n t i o n  r a t e s  e v e n  t h o u g h  t h e y  s h o w e d  s h o r t e r  t r a v e l

t i m e s .  T h i s  i s  b e c a u s e  D P M s  a c c o u n t  f o r  t h e  u n i q u e  i n t e r a c t i o n  b e t w e e n  m o b i l e  a n d

i m m o b i l e  r e g i o n s  i n  t h e  s o i l .  I n  D P M s ,  p e s t i c i d e s  c a n  m o v e  q u i c k l y  t h r o u g h  t h e  m o b i l e

regions, but a significant portion gets temporarily trapped in the immobile regions, where the

water is largely stagnant. This trapping allows pesticides to stay in contact with the soil for

l o n g e r  p e r i o d s ,  w h i c h  e n h a n c e s  b o t h  t h e i r  r e t e n t i o n  a n d  d e g r a d a t i o n

(Ray et al., 2004).

4.2 Impacts of lateral flow on pesticide fate and transport
I n  a d d i t i o n  t o  p r e f e r e n t i a l  fl o w ,  l a t e r a l  fl o w  a l s o  p l a y e d  a  c r u c i a l  r o l e  i n  p e s t i c i d e

t r a n s p o r t ,  e s p e c i a l l y  i n  p r o fi l e s  P 1  a n d  P 3 .  T h e  l o w  w a t e r  c o n t e n t  ( a b o u t  0 . 0 4

cm3/cm3 at P1 and 0.05 cm3/cm3 at P3, Fig. 4) in the deeper soil layers indicate unsaturated

soil conditions. These unsaturated conditions below the duripan and notably higher pesticide

c o n c e n t r a t i o n s  a t  1 0 0  c m  t h a n  i n  t h e  o t h e r  l a y e r s  ( F i g .  6  a n d  F i g s .  S 1 - S 3 )  i n  t h e

P1  and  P3 profi les  cou ld  po ten t ia l ly  be  re la ted  to  the  res t r i c t ive  l ayer  fo rming a  cap i l la ry

barrier that promotes lateral flow within the low-conductivity layer to the overlying coarser-
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textured soil layers (Fig. 7). This lateral flow led to the perching of water and pesticides at

s p e c i fi c  d e p t h s  ( Z h o u  e t  a l . ,  2 0 2 3 ),  p a r t i c u l a r l y  a ff e c t i n g  l e s s  m o b i l e  p e s t i c i d e s  l i k e

chlorantranil iprole and methoxyfenozide which exhibited higher degradation and retention

than other two pesticides (Table 4). This is also supported by the sensitivity analysis results

which indicate that the degradation coeffi cient of the restrictive layer is a key factor in the

behavior of less mobile pesticides like chlorantraniliprole and methoxyfenozide in profiles P1

and P3 (Table 5).

4.3 Differences in pesticide behavior 
Our results reveal distinct diff erences in the behavior of the four pesticides studied—

i m i d a c l o p r i d,  t h i a m e t h o x a m,  c h l o r a n t r a n i l i p r o l e,  a n d  m e t h o x y f e n o z i d e— h i g h l i g h t i n g  t h e

i m p o r t a n c e  o f  b o t h  c h e m i c a l  p r o p e r t i e s  a n d  s o i l  c o n d i t i o n s .  W e  s h o w e d  t h a t

Imidacloprid and thiamethoxam were more mobile (more prone to leaching as seen in Table

4 )  t h a n  c h l o r a n t r a n i l i p r o l e,  w h i c h  i s  c o n s i s t e n t  w i t h  p r e v i o u s  r e s e a r c h

( T i n g l e  e t  a l . ,  2 0 0 3 ).  B e c a u s e  o f  t h i s ,  i m i d a c l o p r i d a n d  t h i a m e t h o x a m w e r e  s i g n i fi c a n t l y

affected by preferential flow, particularly in the sandier P2 profile (discussed in Section 4.1).

C o n v e r s e l y ,  c h l o r a n t r a n i l i p r o l e a n d  m e t h o x y f e n o z i d e,  w h i c h  a r e  l e s s  m o b i l e ,  w e r e  m o r e

influenced by soil heterogeneity and lateral flow, leading to greater retention and degradation

i n  p r o fi l e s  w i t h  fi n e r  t e x t u r e s  a n d  m o r e  o r g a n i c  m a t t e r ,  s u c h  a s  P 1  a n d  P 3  ( d i s c u s s e d  i n

Section 4.2). The DPMs' ability to capture these nuanced behaviors underscores its value in

simulating the real-world dynamics of pesticide fate and transport in Ag-MAR systems.

4.4 Implications for Ag-MAR practice and future research
The three profi les had the same land use and hydroclimatological conditions, yet they

varied in the subsurface hydrogeology. Consequently, this study offers valuable insights into

the impacts of soil texture and heterogeneity on groundwater recharge and pesticide leaching

that may be encountered when implementing Ag-MAR.

In  te rms  o f  g roundwater  r echa rge  and  pes t i c ide  res idue  leach ing ,  P2  ( the  so i l  p rofi le

with the highest sand content) tended to facilitate preferential fl ow, leading to faster water
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flow and pesticide transport (by about 42%) and increased recharge rates (by approximately

8%). These conditions also resulted in greater pesticide leaching due to fl ooding (by about

22%). Therefore, Ag-MAR should be implemented with caution in sandy soils. To reduce

this risk, it is recommended to apply pesticides well before any planned recharge activities,

g i v i n g  t h e  s o i l  t i m e  t o  a b s o r b  a n d  b r e a k  d o w n  t h e s e  c h e m i c a l s .

Choosing the right type of pesticides also matters. Imidacloprid and thiamethoxam, are more

l i k e l y  t o  l e a c h  i n t o  g r o u n d w a t e r ,  e s p e c i a l l y  i n  s a n d y  s o i l s .  I n  c o n t r a s t ,  p e s t i c i d e s  l i k e

c h l o r a n t r a n i l i p r o l e a n d  m e t h o x y f e n o z i d e,  w h i c h  a r e  l e s s  m o b i l e  a n d  b r e a k  d o w n  m o r e

easily, pose a lower risk.

For oxygen (O ) levels (Figs. S7-S9) during Ag-MAR flooding, there were noticeable₂

s h a r p  d r o p s  e s p e c i a l l y  f o r  s h a l l o w  l a y e r s  a t  P 1  a n d  P 3 ,  w h i c h  v a l i d a t e d  t h e  w a t e r

a c c u m u l a t i o n  a t  s h a l l o w  l a y e r s  b e c a u s e  o f  t h e  r e s t r i c t i v e  l a y e r s

m e n t i o n e d  i n  S e c t i o n  4 . 2.  T h e s e  s i g n i fi c a n t  r e d u c t i o n s  o f  O  l e v e l s  i n d i c a t e d  t h e₂

d e v e l o p m e n t  o f  a n a e r o b i c  c o n d i t i o n s ,  w h i c h  c o u l d  p o t e n t i a l l y  r e s t r i c t  c r o p  g r o w t h .

C o r r e s p o n d i n g l y ,  P 1  a n d  P 3  a l s o  h a d  r e l a t i v e l y  l o w e r  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l

(ORP) levels than P2 during Ag-MAR (Figs. S7-S9).

There were signifi cant electrical conductivity (EC) spikes (even higher than irrigation

w a t e r )  a t  P 3  d u r i n g  A g - M A R ,  w h i c h  h i g h l i g h t e d  a  f a s t e r  s o i l  s a l t  l e a c h i n g  a n d  h i g h e r

groundwater salinization risk. These ions could originate from the mobilization and release

of ferti l izer or pesticide residue in the topsoil .  P2 and P1 also presented EC spikes, but in

genera l  lower than ir r igat ion water  and to  a  lesser  extent  than P3,  suggest ing some issues

with salt leaching and groundwater salinization but potentially more manageable.

I n  a l l ,  e a c h  p r o fi l e  i l l u s t r a t e d  d i ff e r e n t  c h a l l e n g e s  a n d  o p p o r t u n i t i e s  f o r  g r o u n d w a t e r

r e c h a r g e ,  e n v i r o n m e n t a l  p r o t e c t i o n ,  a n d  a g r i c u l t u r a l  p r o d u c t i v i t y .  T a i l o r i n g  m a n a g e m e n t

practices to the specific conditions reflected in these profiles can balance these aspects.

While this study provides valuable insights, it is important to recognize its limitations.

T h e  r e l i a n c e  o n  H Y D R U S - 1 D  m o d e l s ,  t h o u g h  r o b u s t ,  d o e s  n o t  c a p t u r e  t h e  f u l l  t h r e e -

dimensional complexity of water and solute movement in the fi eld. Additionally, the study
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focused on a limited set of pesticides, which may not represent the full range of behaviors

exhibited by other chemicals under similar conditions. Future research should aim to expand

the scope of pesticides studied and explore the use of three-dimensional models to capture

more detailed spatial variations in Ag-MAR systems.

5 Conclusions
T h i s  s t u d y  e m p h a s i z e d  t h e  s i g n i fi c a n t  r o l e  o f  s o i l  t e x t u r e  a n d  h e t e r o g e n e i t y  i n

i n fl u e n c i n g  t h e  f a t e  a n d  t r a n s p o r t s  o f  p e s t i c i d e s  i n  t h e  v a d o s e  z o n e  u n d e r  a g r i c u l t u r a l

m a n a g e d  a q u i f e r  r e c h a r g e  ( A g - M A R )  t h r o u g h  d e t a i l e d  fi e l d  e x p e r i m e n t s  a n d  n u m e r i c a l

modeling using both single and dual-porosity models in HYDRUS-1D. Based on these water

fl o w  a n d  p e s t i c i d e  t r a n s p o r t  i n f o r m a t i o n ,  t h e  s u i t a b i l i t y  o f  i m p l e m e n t i n g  A g - M A R  w a s

e v a l u a t e d  b y  c o m b i n i n g  o t h e r  b i o g e o c h e m i c a l  i n d i c a t o r s  i n c l u d i n g  o x y g e n ,  o x i d a t i o n -

reduction potential, and electrical conductivity levels in soil water.

The sandier profiles (P2) demonstrated more pronounced preferential flow, faster water

flow, higher groundwater recharge effi ciency, but also more soil pesticide and salt leaching

c o r r e l a t i n g  w i t h  i n c r e a s e d  r i s k s  o f  g r o u n d w a t e r  c o n t a m i n a t i o n .  T h e r e f o r e ,

c h o o s i n g  l e s s  m o b i l e  p e s t i c i d e s  ( e . g . ,  c h l o r a n t r a n i l i p r o l e a n d  m e t h o x y f e n o z i d e)  a n d

ex tend ing  the  t ime  in te rva l  be tween  the  l as t  pes t i c ide  app l i ca t ion  and  the  Ag-MAR even t

a r e  i m p o r t a n t  f o r  r e d u c i n g  g r o u n d w a t e r  p o l l u t i o n  r i s k s .  I n  c o n t r a s t ,  p r o fi l e s  w i t h  fi n e r

textures (P1) showed less preferential flow, slower water flow, lower groundwater recharge

e ffi c i e n c y ,  b u t  r a i s e d  c o n c e r n s  a b o u t  t h e  a c c u m u l a t i o n  o f  p e s t i c i d e s  o r  s a l t s  a n d

e longa ted  anae rob ic  cond i t i ons i n  upper  s o i l  l aye r s  due  to  cap i l l a ry  bar r i e r s ,  which  cou ld

s e v e r e l y  i m p a c t  s o i l  s t r u c t u r e ,  b i o c h e m i c a l  r e a c t i o n s  a n d  c r o p

growth.

Our results underscore the necessity of considering soil heterogeneity and implementing

s i t e - s p e c i fi c  m a n a g e m e n t  p r a c t i c e s  i n  t h e  d e s i g n  a n d  o p e r a t i o n  o f  A g - M A R  s y s t e m s  t o

m a x i m i z e  g r o u n d w a t e r  r e c h a r g e  w h i l e  m i n i m i z i n g  e n v i r o n m e n t a l  r i s k s .  F u r t h e r m o r e ,  o u r

s t u d y  c a l l s  f o r  t h e  i n t e g r a t i o n  o f  m o r e  a d v a n c e d  m o d e l s  t h a t  c a n  a d e q u a t e l y  c a p t u r e  t h e
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c o m p l e x  p r o c e s s e s  o f  p e s t i c i d e  f a t e  a n d  t r a n s p o r t s ,  s u c h  a s  c h e m i c a l  a n d  p h y s i c a l

n o n e q u i l i b r i u m  p r o c e s s e s .  O n  t h e  o t h e r  h a n d ,  t h e  r e l a t i v e  m a g n i t u d e  o f  p r e f e r e n t i a l

flow/transport and lateral flow remains to be distinguished.
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