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A B S T R A C T

In the Everglades Agricultural Area (EAA), Florida, cultivating rice in flooded paddies is becoming increasingly
popular to conserve water and soil health. Flood depth is a critical factor affecting the discharged water quality,
soil carbon, and yield production. However, few studies have comprehensively investigated the optimal flood
depth in EAA, considering multi-functional indices. To address this gap, we investigated drainage water quality,
water quantity, nutrient uptake, soil carbon, and rice yield in rice paddies in histosol soils over a two-year period
at four flood depths (5, 10, 15, and 20 cm). For each flood depth, averaged over two years, total outflow loadings
of suspended solids, nitrogen, phosphorus, and potassium were significantly reduced by 40 %, 38 %, 36 %, and
32 %, respectively, compared to inflow water loadings (p < 0.001). Soil organic carbon (SOC) in 5, 10, 15, and 20
cm flood treatments increased annually at a rate of 3.85 %, 5.64 %, 6.86 %, and 6.86 %, respectively; for these
same treatments, soil active organic carbon (AOC) decreased annually at rates of 11.75 %, 8.63 %, 20.07 %, and
8.48 %, and rice grain yield was 4488, 5103, 5450, and 5386 kg ha!1, respectively. Overall, considering the water
quality, SOC, AOC, and rice yield production, irrigating rice paddies at a flood depth of 15 cm most effectively
improves water quality, increases carbon sequestration, reduces active carbon, and yields more rice than other
flood depths. By evaluating the effects of flood depth on the soil–water–plant nexus in a holistic manner, we
propose a more sustainable and environmentally friendly mode of rice cultivation within the EAA.

1. Introduction

Rice (Oryza sativa L.) is a primary staple crop, integral to the diets of
over 1.6 billion people worldwide [1]. In the Everglades Agricultural
Area (EAA) of South Florida, rice has been a key rotational crop alongside
sugarcane during the late spring and summer months since 1977,
covering approximately 24,000 acres in 2021 [2]. In this region, the
preference for cultivating rice over managing flooded fallow fields has
been well-documented due to its economic importance and beneficial
impacts on environmental ecosystems [3,4].

The EAA has faced significant environmental challenges, notably
nutrient losses from non-point sources and soil carbon oxidation, which
have been prevalent issues over the past two decades [2,5]. Particularly,
soil subsidence, occurring at a rate of approximately 0.64 cm per year due
to the oxidation and decomposition of soil organic matter in the highly

organic histosols, exemplifies these challenges [6]. Furthermore, the
annual discharge of approximately 1110 million m3 of water from the
EAA underscores the necessity for enhanced drainage water quality to
sustain agricultural productivity and local ecosystems [7].

In response, rice cultivation in flooded paddies offers a promising
solution. This method not only reduces soil carbon oxidation by creating
a physical barrier that inhibits weed germination and microbial activi-
ty—thus preserving soil organic matter—but also mitigates nutrient
losses from non-point sources. Specifically, flooding increases nutrient
availability in the vadose zone by desorbing nutrients from soil colloids,
which is critical for maintaining soil fertility without the need for added
N, P, and K fertilization [5,8]. This is particularly beneficial in the EAA,
where the inherent richness of highly organic histosol soils, combined
with nutrient-enriched water pumped from local canals, naturally sus-
tains crop growth. Consequently, flooded rice cultivation plays a crucial
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role in mitigating nutrient losses and soil carbon oxidation, thereby
enhancing the sustainability of agricultural practices in the region.

While the benefits of flooded cultivation are apparent, one specific
management factor has been overlooked—flood depth. As a matter of
fact, flood depth plays a crucial role in various aspects of rice cultivation,
including rice growth, soil carbon, nutrient uptake, and water quality [5,
9]. It was reported that the significant impact of flooding depth and
duration on the growth traits and yield of rice [10], and existing an
optimal depth for maximal production [11] and high-quality rice [9].
Regarding nutrient uptake, flood depth can impact rice plants' ability to
absorb nutrients. It was found that under non-flooded irrigation condi-
tions, rice plants adapted by increasing root/shoot ratio and root length
density at specific soil depths, indicating a response to altered water
availability [12]. This adaptation demonstrates how flood depth varia-
tions can influence nutrient uptake mechanisms in rice plants, leading to
improved water quality through reduced nutrient discharge [5]. In
conclusion, flood depth is a critical factor affecting rice cultivation, with
implications for nutrient losses, soil carbon sequestration, and rice yield.
Understanding the relationship between flood depth and these aspects is
crucial for optimizing rice production in diverse environmental
conditions.

However, there is no consensus about optimal flood depth consid-
ering multi-functional indices in the EAA. Most studies that have exam-
ined flooded rice cultivation have focused on the single benefits of this
form of agriculture, as opposed to its effects on multiple ecological var-
iables. To address this gap, in this study, nutrient concentration, soil
carbon sequestration, and yield production are considered as multi-
indices to be considered to evaluate the optimal flood depth in the
EAA. In most cases, flood depth in the EAA ranges from 5 to 20 cm [9,11].
Therefore, for more sustainable agricultural management to harmonize
productivity with environmental stewardship, we (i) analyze the impact
of different flood depths (5, 10, 15, and 20 cm) on water quality and
outflow discharge; (ii) evaluate nutrient uptake and soil carbon dynamics
at different flood depths; and (iii) identify an optimal flood depth by
balancing non-point source losses, soil carbon sequestration, and rice
yield. This research contributes to climate-smart agriculture by proposing

practices that improve rice cultivation sustainability and efficiency, and
align with broader environmental and climate-related objectives.

2. Material and methods

2.1. Experimental design

Rice was grown at a University of Florida experimental plot within
the EAA (80"3705500W, 26"400300N) in farmland managed by the Ever-
glades Research and Education Center (EREC) (Fig. 1). The region ex-
periences a tropical climate with an average rainfall of 1330 mm, and an
average temperature of 24 "C [13]. Sixteen plots (83.8 m # 18.3 m ¼
1533 m2) were planted with a common commercial rice variety Diamond
(long-grain, short-season), at 95 kg ha¡1 during the summers of 2019 and
2020. Plots were leveled before planting, and dry-seeded. No fertilizer
was applied. Each of the four flood depth treatments was replicated four
times (Fig. S1), including 5 (FD5), 10 (FD10), 15 (FD15), and 20 cm
(FD20).

2.2. Water management and balance calculation

Irrigation water was pumped by an electric pump from a northern
canal. The inflow valve and riser boards controlled the water depth in
each plot in the outflow box (Fig. S1). All plots were separated by a 6 m
wide lev!ee (bund). For each treatment, the inflowwater rate (Vin, m3 h!1)
was recorded by estimating the volume of water per unit time. The
outflow water rate (Vout, m3 h!1) was calculated by measuring the water
flow rate (m h!1) through a portable flowmeter (Model 2000, Marsh-
McBirney Inc, USA), and multiplying the cross-sectional area (m2) of
the outflow pipe. The flow rate was measured daily. To ensure a flood
depth within the 5–20 cm range, the valve was opened and the pumpwas
run for 5 h every 2 d; the valve remained open until the desired flood
depth was achieved. The outflow contributes significantly to water loss;
water inflow (I) and outflow (O) (m3 ha¡1 d¡1) are calculated as follows:

Fig. 1. Map displaying geographic locations of Everglades Research and Education Center (EREC) in Everglades Agricultural Area (EAA), along with the distribution
of flooding rice in Florida based on the USDA cropland data layer of 2021 https://nassgeodata.gmu.edu/CropScape/.
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I ¼Vin # T # 10000
A

(1a)

O¼Vout # T # 10000
A

(1b)

where Vin and Vout represent inflow and outflow water rate (m3 hour¡1);
T represents the inflow or outflow running time (hour); A represents the
area of each independent plot (m2); the constant 10,000 represents the
area of 1 ha.

To calculate the water budget, a water balance method was applied to
understand water in- and outflow components. Inputs include irrigation
(inflow) and rainfall, and outputs include discharge (outflow), seepage,
and evapotranspiration (ET). The pump flow rate and duration of
pumping can be used to calculate inflow. Meteorological data were ob-
tained from the Florida Automated Weather Network (FAWN, https://fa
wn.ifas.ufl.edu), with a weather station in Belle Glade, 50 m from the
plots (rainfall and temperature data) (Fig. S2). Crop evapotranspiration
(ETC) was calculated using the Penman-Montieth equation [14] as
follows:

ETC ¼KC # ETO (2a)

where KC represents the crop coefficient. Daily rice evapotranspiration
(ETD, m3 ha!1 d!1) was calculated as follows:

ETD ¼ETC # 24
0:25

# 10000
1000

(2b)

Seepage (S, m3 ha!1 d!1) was calculated using the water balance
equation:

I þP ¼ ETD þ ΔSþ O (2c)

where I is irrigation (inflow water, m3 ha!1 d!1), P is precipitation (m3

ha!1 d!1), ETD is rice evapotranspiration (m3 ha!1 d!1), ΔS is the change
of seepage (m3 ha!1 d!1), and O is runoff (outflow water, m3 ha!1 d!1).

2.3. Sample collection and analysis

Water samples were periodically (every two to three days) collected
from inflow and outflowwaters three weeks after planting, once the flood
depth had stabilized for both the 2019 and 2020 growing seasons
(June–September). All water samples were collected in polyethylene
bottles, stored at 4 "C, and transported to the Soil, Water, and Nutrient
Management laboratory (EREC, Belle Glade) for analysis. Each year
(Fig. S3), total suspended solids (TSS) were measured using EPA method
160.2, where 500 ml of sample was poured through a vacuumed mag-
netic filtration system equipped with a 47 mm Whatman 934-AH glass
microfiber filter; the filter was then carefully removed from the top of the
magnetic filtration system and placed in an aluminumweighing dish that
contained it before filtration, which was then placed into an oven to dry
at 105 "C for 24 h, then placed into a desiccator to cool for at least 30min.
The change in mass divided by the volume corresponds to the TSS (mg
L!1). TN was measured in water samples using a Shimadzu Total Organic
Carbon Analyzer (TOC-L) with the TNM-L module combustion method.
The combustion furnace temperature was maintained at 720 "C with an
air carrier gas flow rate of 150 ml min!1. A 20 μl sample was directly
injected into the combustion furnace column using a Shimadzu auto-
sampler, and the detected outcome result was measured in mg L!1. Total
phosphorus (TP) and TK were measured in water samples using EPA
method 200.7 by Agilent Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) 5110 at a 213.618 nm wavelength (TP) and
766.491 nm (TK).

Inflow and outflow (INL and ONL, kg ha!1 d!1) nutrient loading per
plot were calculated as follows:

INLi ¼ ICi # I (3a)

ONLi ¼OCi # O (3b)

where ICi represents the ith parameter of inflow concentration, mg L!1;
OCi represents the ith parameter of outflow concentration, mg L!1; and I
and O represent the volume of inflow and outflow (m3 ha!1 d!1).

2.4. Water quality index

The Canadian Council of Ministers of the Environment (CCME) water
quality index (WQI) was used to evaluate outflow water quality at
different flood depths. This index is widely used to assess surface water
quality because of its ease of application and flexibility in choosing water
quality indicators; it requires a minimum of four water quality indicators
as model inputs. We selected five inputs (pH, TSS, TN, TP, TK) to evaluate
outflow water quality for each flood depth. According to local water
management district rules, the maximum objective values for pH, TSS,
TN, TP, and TK are 6.5–8.4, 2000 mg L!1, 10 mg L!1, 0.01 mg L!1, and 2
mg L!1, respectively [15]. CCME WQI is calculated following [16]:

WQI¼ 100!

2

4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2
1 þ F2

2 þ F2
3

q

1:732

3

5 (4a)

F1 ¼
"
number of failed parameters
total number of parameters

#
# 100 (4b)

F2 ¼
"
number of failed tests
total number of tests

#
# 100 (4c)

F3 ¼
"

nse
0:01ðnseÞ þ 0:01

#
(4d)

nse¼
" Pn

i¼1excursioni
total number of test

#
(4e)

If a test value falls below the objective value, the excursion for that
test value is calculated as follows:

excursioni ¼
"
failed test valuei

Objectivej

#
! 1 (4f)

Conversely, if the test value exceeds the objective value, the excursion
value is calculated as follows:

excursioni ¼
"

Objectivej
failed test valuei

#
! 1 (4g)

where F1 is termed the “scope,” F2 is the “frequency,” and F3 is the
“amplitude.” This is calculated by an asymptotic function that scales the
normalized sum of excursions (nse) of test values from objectives to yield
a value between 0 and 100. The CCMEmodel proposed five water quality
classes: excellent (WQI ¼ 95–100), good (WQI ¼ 80–94), fair (WQI ¼
65–79), marginal (WQI ¼ 45–64), and poor (WQI ¼ 0–44).

2.5. Soil carbon

Soil samples were collected before rice planting (pre-planting, 4/19/
2019 and 5/11/2020) and after harvest (post-harvest, 8/29/2019 and 9/
18/2020). Each sample was collected from the top 15 cm of the soil.
Active organic carbon (AOC) was measured by Thermo Scientific Gen-
esys 30 spectrophotometer at 550 nm [17]. Soil organic carbon (SOC)
was analyzed using the loss on ignition method [18].

2.6. Statistical analyses

Water concentration and nutrient loads were estimated for the 2019
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Fig. 2. The concentrations of (A, B) pH, (C, D) total suspended solids (TSS), (E, F) total nitrogen (TN), (G, H) total phosphorus (TP), and (I, J) total potassium (TK)
were calculated in inflow and outflow at 5, 10, 15, and 20 cm of flood depth in 2019 and 2020, respectively. The bar represents the standard deviation. The water
quality index (WQI) of outflow under different flood depths, including 5 cm (FD5), 10 cm (FD10), 15 cm (FD15), and 20 cm (FD20). (K) Canadian Council of Ministers
of the Environment (CCME) WQI model comprehensively evaluates the inflow and outflow values. The uppercase and lowercase letters represent the significant
difference between the flood depths in 2019 and 2020, respectively (p < 0.05).
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Fig. 3. (A–B) Total suspended solids (TSS), (C–D) total nitrogen (TN), (E–F) total phosphorus (TP), and (G–H) total potassium (TK) concentration measured in inflow
and outflow at 5 (FD5), 10 (FD10), 15 (FD15), and 20 (FD20) cm of flood depth in 2019 and 2020. The error bar represents the standard deviation. The uppercase
letters represent a significant difference at p < 0.05. * represents significant change (p < 0.05); *** represents extremely significant change (p < 0.001).

Y. Fan et al. Climate Smart Agriculture 1 (2024) 100005

5



and 2020 rice growing seasons. ANOVA was used to identify significant
differences in water quality indicators, TP, and TK concentrations, in
shoot and root tissues among the four flood depths. Statistically signifi-
cant differences between inflow and outflow loads were estimated using
Student's T-tests with post hoc (Tukey's HSD) in SPSS (IBM Inc, SPSS 27,
USA). All figures were prepared using Origin (OriginLab Inc, 2021b,
USA) and Excel (Microsoft Inc, 2022, USA). Data were analyzed sepa-
rately for each year when results differed significantly (p < 0.05).

A structural equationmodel was fitted to infer the relative importance
of flood depth on water quality, nutrient use efficiency, and crop growth
indicators (AMOS 26; IBM Corporation, Meadville, PA, USA). The
Normed Fit Index and Root Mean Square Error of Approximation were
used as indicators to evaluate the fitting degree of the model [19,20]. For
the structural equation model, the standardized path coefficients (SPC)
indicate the direct effect of a variable assumed to be a cause on another
variable considered an impact. A greater SPC (close to 1) means this
effect is relatively high, and the plus or minus represents the positive or
negative relationship between variables.

3. Results

3.1. Water quality and outflow loads

The in- and outflow water quality were measured during the growth
season as shown in Fig. 2A–J. For pH and TSS, the outflow showed a
greater value than the inflow in most water samplings. While for TN, TP,
and TK, there is a significant reduction in outflow compared with inflow
in most cases. To quantitatively evaluate the change in the water quality,
the CCME WQI model was evaluated in in- and outflow water quality.
WQI values for in- and outflow at FD5, FD10, FD15, and FD20 were 52.9,
46.3, 44.0, 52.6, and 52.3 for 2019, respectively (Fig. 2K). Compared
with inflowWQI, FD5 and FD10 were significantly lowerWQI (p< 0.05),
but there was no significant change between FD15 and FD20. In 2020,
values were 54.7, 50.2, 56.2, 58.5, and 57.3, which were slightly lower
than 2019 (Fig. 2K). Compared with inflow WQI, the WQI at 5 cm was
significantly lower (p < 0.05), there was no significant change at FD10,
but WQI at FD15 and FD20 was significantly greater (p < 0.05). In most
cases, values represented a marginal range (45–64), and at FD15 and
FD20, WQI values were greater than at FD5 and FD10.

Nutrient loads were estimated as a product of the water quality in-
dicator and volume of water. Nutrient loads for TSS, TN, TP, and TK are
shown in Fig. 3A–H. Flood depths have no impact on the TSS outflow
loading (Fig. 3A and B). In terms of TN loading, FD15 and FD20 show
greater value than FD5 and FD10 in the first year (Fig. 3C), while the TN
loading of FD15 reduced significantly in the second year (Fig. 3D). For TP
loading, there is no significant difference in the first year (Fig. 3E), while
it shows FD5 and FD15 had lower loading than FD10. In terms of TK,
FD15 shows greater value than FD5 and FD10 in the first year (Fig. 3G),
while FD15 has no significant difference with other flood depths in the
second year (Fig. 3H).

3.2. Flooded rice impacts on SOC and AOC

As shown in Fig. 4A, soil organic carbon (SOC) levels were relatively
stable in 2019, but notably increased in 2020. In contrast, active organic
carbon (AOC) reduced markedly in 2019, then stabilized, with no sig-
nificant increase in 2020 (Fig. 4B). Moreover, over both years, average
annual SOC values for FD5, FD10, FD15, and FD20 are 448.8, 468.8,
439.0, and 468.1 g kg!1, respectively; for these same treatments, AOC
values were 21.6, 20.9, 21.8, and 22.5 g kg¡1, respectively.

3.3. Comparison of water quality, water quantity, soil carbon, and yield
production under different flood depths

A radar chart prepared to visually compare the performance of
various flood depths across multiple evaluation indices over two years is

presented in Fig. 5. These indices encompass the SOC increase rate (%),
yield (kg ha!1), water consumption (m3 ha!1 d!1), WQI change rate (%),
and AOC decrease rate (%). This approach improves our understanding
of the effects of different flood depths on agricultural productivity and
environmental sustainability.

A higher SOC percentage corresponds to a more significant accumu-
lation of organic carbon in the soil, and enhanced soil fertility and carbon
sequestration capabilities. FD15 and FD20 have the highest SOC increase
rate (6.86 %), surpassing rates for FD10 (5.64 %) and FD5 (3.85 %)
(Fig. 5). The rate of decrease in AOC indicates the soil's potential to

Fig. 4. The comparison of soil indicators, including A) soil organic carbon (SOC,
g kg!1) and B) active organic carbon (AOC, g kg!1) at pre-planting and post-
harvest at 5 (FD5), 10 (FD10), 15 (FD15), and 20 (FD20) cm of flood depth.
The ns letter indicates no significant difference between the pre-planting and
post-harvest (p < 0.05). The error bar indicates the standard deviation.

Fig. 5. The radar chart of different flood depth performance at five different
indices, including soil organic carbon (SOC) increase rate (%), yield (kg ha!1),
water consumption (m3 ha!1 d!1), water quality index (WQI) change rate (%),
and active organic carbon (AOC) decrease rate (%). The red area represents the
5 cm flood depth (FD5), the blue area represents the 10 cm flood depth (FD10),
the green area represents the 15 cm flood depth (FD15), and the purple area
represents the 20 cm flood depth (FD20).
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reduce greenhouse gas emissions, with a higher rate signifying reduced
soil AOC retention. The highest decrease rate (20.07 %) occurred at
FD15, then FD5 (11.75 %), FD10 (8.63 %), and FD20 (8.48 %), sug-
gesting that flood depth affects soil carbon dynamics (Fig. 5).

A positive WQI value indicates improved water quality from the
inflow to outflow. WQI values were greatest at FD15 (2.43 %), then FD20
(1.99 %), FD10 (2.43 %), and FD5 (!11.49 %), indicating differential
effects of flood depth on water quality. Water usage progressively
decreased from FD20 to FD5 (Fig. S4).

Yield at FD5, FD10, FD15, and FD20 flood depth was 4488, 5103,
5450, and 5386 kg ha!1, respectively. Yield was highest at FD15, indi-
cating that certain flood depths can optimize agricultural output despite
variations in environmental indices.

Overall, a flood depth of FD15 emerges to be optimal, with superior
performance across several indices and its predominant representation
on the radar chart. This indicates the importance of optimizing flood
depth to balance agricultural productivity with environmental steward-
ship and provides valuable insights for agricultural water-management
strategies.

4. Discussion

Flooded rice cultivation significantly affects concentrations and loads
of TSS, TN, TP, and TK in the outflow. Therefore, a WQI value based on
these parameters varies at different flood depths. Of measured variables,
TP most affects WQI, consistent with previous studies that have reported
that flooded rice reduced P [4,5,21]. However, despite there being no
significant difference in outflow TP concentration for different flood
depths, significant differences in TP loads between inflow and outflow
occurred (p < 0.05). At 15 cm, WQI was greater than at other flood
depths, probably because more water samples collected in FD15 were
below the TP criterion (0.01 ppm). Results indicate that reduced TP load
was observed at a lower flow rate because both TP (CTP) and TSS (CTSS)
concentrations correlated highly with flood depth. The Pearson correla-
tion coefficient for CTP and CTSS is 0.62 at FD, and 0.64 at FD10 (p< 0.05)
(Fig. 6). In contrast, Pearson correlation coefficients between CTP and
CTSS at FD15 and FD20 are 0.037 and 0.079, respectively (Fig. 6). This
indicates a stronger relationship between CTP and CTSS at lower flood

depths, possibly because: (1) lower flood depth increases water velocity,
as explained by Manning's equation, where water velocity is inversely
proportional to flow area [22]; this can increase suspended particles and
SOC from the soil surface, and release more particulate P into the
outflow. Alternatively, (2) greater velocity at shallow depth reduces
water residence time [23], resulting in lower P uptake by rice.

A more significant relationship occurred between outflow TN con-
centration (CTN) and CTP at lower flood depth. This correlation coefficient
decreased with increasing flood depth (Fig. 6), possibly contributing to
increased concentration of CTN at lower flood depth. Increased CTP at
lower flood depths may be because of reduced residence time, and
limited bioavailable P taken-up by rice roots. Shallow flood depth may
also result in more N in flood water by three pathways: (1) through soil
(histosol) loss in the EAA, inherently rich in N (up to 2 % N) [24]; (2)
greater velocity of water at low flood depth, decreasing bioavailable N
uptake by rice roots, as for P (because of limited residence time); and (3)
denitrification, as a pathway of N loss from flood water [25]. However,
shallow flood depth will hamper denitrification because dissolved oxy-
gen content is high, thereby reducing N loss [19,20].

Overall, flood depth may impact water quality through complex
physical, chemical, and microbial processes. We examined only pH, TSS,
TN, TP, and TK to assess water quality because rice cultivation in the EAA
requires no N, P, or K fertilizer [26]. However, different water and fer-
tilizer management regimes may produce different results. Shallow irri-
gation and a deep-sluice with new Nmanagement could decrease TN and
TP loss from runoff leaching compared with continuous flooding irriga-
tion with common N fertilization practices [27]. Also, optimizing N input
could reduce N loss [28], and alternating wetting and drying increased
nitrate leaching loss compared with continuous flooding irrigation [29].

Flooded rice cultivation has been shown to significantly impact soil
carbon sequestration, leading to a greater SOC increase rate and a lower
AOC decrease rate at the FD15. Previous studies reported the potential
mechanism of flood depth influencing soil carbon sequestration is
attributed to the assimilation and distribution of carbon in shoots and
roots [30]. However, our study didn't find any significant difference in
the carbon root shoot ratio among different flood depths. Thus, we infer
that the differences in SOC and AOC are not caused by the distribution of
carbon in shoots and roots. Instead, they may be influenced by the

Fig. 6. Pearson correlations between the concentrations of outflow TSS, TN, TP, and TK at A) 5 cm (FD5), B) 10 cm (FD10), C) 15 cm (FD15), and D) 20 cm (FD20) of
flood depth. * represents a significant difference (p < 0.05).
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Fig. 7. Structural equation modeling for understanding the continuous flooding irrigation impact on water quality, nutrient use efficiency, shoot and root properties.
Boxes indicate variables. An arrow represents a causal relationship. The Arrow direction indicates the direction of effect. The arrow width indicates effect size. A green
arrow denotes a positive relationship, and a red arrow denotes a negative relationship. The numbers above the arrows are standardized path coefficients (SPC). *
represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001.
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chemical and physical reactions between soil and floodwater.
Moreover, the depth of flooding influences yields indirectly. There

are many reasons attributed to the difference. For example, the panicle
initiation stage can increase rice plant height after flooding, and elon-
gation of the internodes is faster underwater than in the air [31] (Fig. S5).
However, flooding decreases the photosynthetic apparatus in rice fields
[32] and may damage the plant [10]. Thus, shallow (<5 cm) or deeper
flood depth (>15 cm) might not be optimal, and a more optimal depth
may exist between them. Likewise, it was investigated various pond
depths (0, 3, 6, 9, 12, 15, and 18 cm) on paddy rice growth and yield, and
determined 9 cm to be optimal for production under continuous and
intermittent irrigation [11]. Also, it was reported that flood depths of 2,
8, 12, 15, and 18 cm on rice grain quality, and recommended a flood
depth of 10 cm for high-quality rice [9]. Thus, rice yield can be attributed
to different factors [1]. We suggest an optimal flood depth of 15 cm for
rice yield, which is higher than previous studies. This inconsistency may
be because we consider more factors (non-point source nutrient losses,
soil carbon sequestration, and rice yield production) rather than a single
objective. Conversely, we infer that variance in optimal flood depth may
be associated with fertilizer conditions [33]. However, because fertilizer
was not required to cultivate rice in the EAA, this greater flood depth may
be required to obtain more nutrients from influent water to maximize
yield.

To better understand the interrelationships of flood depth with water
quality, carbon sequestration, and crop yield, a structural equation
modeling analysis was done as shown in Fig. 7A, flood depth positively
correlates with WQI (SPC ¼ 0.41, p < 0.001), carbon sequestration (SPC
¼ 0.48, p < 0.001), and yield (SPC ¼ 0.87, p < 0.001). Also, carbon
sequestration positively correlates with WQI (SPC ¼ 0.59, p < 0.001).
However, WQI negatively correlates with yield (SPC ¼ !0.75, p <

0.001), which indicates there is a trade-off between WQI and yield.
Therefore, Fig. 7B presents how flood depth affects water quality directly
and indirectly by influencing nutrient use efficiency and crop growth and
altering the nutrient composition of floodwater. Specifically, flood depth
mainly affects water quality indicators such as pH (SPC ¼ !0.72, p <
0.001) and TP (SPC ¼ !0.28, p < 0.001). An increase in TP positively
correlates with SRP (SPC ¼ 0.44, p < 0.001) and TN (SPC ¼ 0.60, p <
0.001), but correlates negatively with root TP (SPC ¼ !0.50, p < 0.001).
Therefore, root TP influences root length and indirectly affects other crop
growth indicators such as shoot length, TK, TP, and DM, and root DM, TK,
and TP. These crop growth indicators then affect potassium- and
phosphorus-use efficiency, which further influences floodwater nutrient
uptake. Therefore, flood depth creates a comprehensive loop impact on
water quality, soil carbon sequestration and crop growth.

Various irrigation systems affect the non-point source nutrient losses,
soil carbon sequestration, and productivity traits of rice crops. In addition
to continuous flooding, numerous studies have highlighted water-saving
techniques such as alternate wetting and drying irrigation, which
conserve water, reduce greenhouse gas emissions, and enhance rice yield
[34–36]. However, alternating wetting and drying also increases CO2
emissions and can potentially adversely affect SOC [37–39]. The extreme
weather will also amplify these detrimental effects in the agriculture
[40]. Consequently, a climate-smart agriculture practice is needed to be
resilient to climate change [41], and further research is warranted to
assess the impacts of different irrigation methods on soil health, water
quality, greenhouse gas emissions, and rice yield in the EAA.

5. Conclusions

Our two-year field study reveals how different flood depths can
significantly impact water quality, outflow discharge, plant nutrient
uptake, soil carbon dynamics, and yield. When averaged across years,
flooded rice significantly reduced loadings of TSS, TN, TP, and TK by 40
%, 38 %, 36 %, and 32 %, respectively, compared with inflow water (p <
0.001). SOC increased annually at a rate of 3.85 %, 5.64 %, 6.86 %, and
6.86%, in 5, 10, 15, and 20 cm flood-depth treatments, respectively; AOC

decreased annually at rates of 11.75 %, 8.63 %, 20.07%, and 8.48% in 5,
10, 15, and 20 cm flood-depth treatments, respectively; and rice grain
yield was 4488, 5103, 5450, and 5386 kg ha!1, respectively. After a
comparison of the non-point source losses, soil carbon sequestration, and
crop yield, we recommend a flood depth of 15 cm within the EAA. We
note, however, that such a depth might not be universally applicable, and
that it may vary depending on the location and environmental condi-
tions. Additionally, because we focus on continuous flooding throughout
the growing season, greenhouse gas emissions should be considered by
investigating the effects of alternating wetting and drying.

We report the effects of continuous flooding on non-point source
nutrient losses, soil carbon sequestration, and crop growth by flood rice
cultivation in the EAA. Recognizing and preserving these ecosystem
services is important for sustainable agriculture, and for the overall well-
being of natural and human systems in this region. Further research and
policy initiatives could explore the benefits of flood rice cultivation
within the context of broader environmental and societal goals.
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