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Abstract
To determine the impacts of different agronomic measures on ecological protec-
tion and water environment management in sloping farmlands along Chaohu
Lake, a long-term fixed monitoring station for agricultural non-point source pol-
lution was used as the platform to continuously monitor soil and water losses
and various phosphorus forms transported via surface runoff under four agro-
nomic measures—conventional tillage (CK), hedgerow (daylily, PH), hedgerow
plus straw mulching (PHS), and contour ridge tillage (CR)—for two consecu-
tive years from 2014 to 2015. The results showed that compared with conven-
tional tillage, PH, PHS, and CR effectively reduced runoff and sediment yield
(P<0.05), with the reduction effects following the order: PHS>PH>CR. Com-
pared with CK, PH, PHS, and CR reduced runoff loss by 23.5%, 36.5%, and
19.7%, and soil loss by 29.5%, 45.2%, and 26.3%, respectively, demonstrating
significant soil and water conservation benefits. Under CK conditions, the to-
tal phosphorus (TP) concentration in runoff was 0.612–1.220 mg・L�¹, of which
particulate phosphorus (PP) accounted for 71.5%–81.7% of total phosphorus,
constituting the primary form of phosphorus loss via surface runoff. In dis-
solved total phosphorus (DTP), dissolved orthophosphate (D-Ortho-P) consti-
tuted a large proportion of 87.4%–90.7%, while dissolved organic phosphorus
(DOP) accounted for a small proportion of only 9.3%–12.6%. Compared with
CK, PHS, PH, and CR significantly reduced the concentrations of PP and TP
in runoff (P<0.05), but increased the concentrations of DTP and D-Ortho-P
to varying degrees, while exerting no significant influence on DOP concentra-
tion (P>0.05). Under CK conditions, the annual phosphorus loss load averaged
0.706 kg・hm�², accounting for 0.98% of the phosphorus application rate for
the crop that year. Compared with the CK treatment, the annual phosphorus
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loss load under PH, PHS, and CR treatments was reduced by 38.4%, 53.8%,
and 33.4%, respectively (P<0.05), and their control efficacy was primarily re-
alized through reducing runoff volume and decreasing the PP concentration in
runoff. In summary, hedgerow (daylily), hedgerow plus straw mulching, and
contour ridge tillage are effective measures for controlling soil, water, and phos-
phorus runoff losses from sloping farmlands along Chaohu Lake, with hedgerow
combined with straw mulching demonstrating the greatest efficacy. This study
can provide a scientific basis for controlling soil erosion and non-point source
pollution in sloping farmlands within the Chaohu Lake basin.

Full Text
Introduction
Agricultural non-point source pollution represents a primary cause of water
quality degradation [1]. To mitigate this issue, Yang et al. [2] proposed a theo-
retical and technical framework of “source reduction—process interception—nu-
trient reuse—ecological restoration,”with source control being the most effective
and fundamental strategy for preventing agricultural non-point source pollution.
Phosphorus (P) is not only one of the three essential macronutrients for plant
growth and development but also a critical limiting factor for eutrophication
in water bodies [3-5]. Numerous studies have demonstrated that substantial
P export from agricultural soils constitutes a major contributor to agricultural
non-point source pollution. In natural and wastewater systems, phosphorus ex-
ists in various forms including orthophosphate, condensed phosphates, organic
phosphorus, and particulate phosphorus. Different P forms contribute differ-
ently to algal growth: dissolved orthophosphate phosphorus (D-Ortho-P) can
be directly assimilated by algae and bacteria, and its concentration increase di-
rectly intensifies eutrophication [6]; however, D-Ortho-P represents only a small
fraction of total phosphorus (TP). Particulate phosphorus (PP) and dissolved
organic phosphorus (DOP) are typically not directly available to algae, yet they
constitute a considerable proportion of TP, with approximately 70% potentially
convertible to bioavailable phosphorus through extracellular enzymatic degra-
dation [7]. Therefore, systematic investigation of the characteristics of different
P forms lost via runoff from agricultural soils is crucial for source control of
agricultural non-point source pollution. Chaohu Lake ranks among the most
severely eutrophic freshwater lakes in China. In recent years, government agen-
cies and numerous scholars have invested substantial resources in remediation
projects and research, implementing various countermeasures that have achieved
notable results. Nevertheless, the eutrophication trend in Chaohu Lake has not
been fundamentally reversed, with summer cyanobacterial blooms remaining
common in the western lake area. Consequently, eutrophication has become a
“bottleneck”constraining regional economic and social sustainable development.
Current research on P loss from farmland in this watershed has primarily focused
on rice-wheat (or rice-rapeseed) rotation systems [5,8], with limited reports on
sloping croplands experiencing severe soil erosion. Thus, further research in this
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area is urgently needed.

Previous studies have shown that agronomic practices altering microtopogra-
phy (contour tillage, furrow-ridge planting, etc.), increasing surface cover (straw
mulching, plastic film mulching, etc.), modifying soil physical properties (re-
duced or no-tillage), and hedgerow technology can effectively reduce and pre-
vent soil erosion while controlling nutrient loss from farmland [9-16]. Hedgerow
technology demonstrates excellent performance in soil and water conservation,
nutrient loss control, and economic benefits. Contour ridging improves field
microclimate, effectively increases soil temperature, intercepts runoff, reduces
soil and nutrient loss, and achieves water harvesting, moisture retention, and
warming effects. Additionally, straw return, as a critical component of low-
carbon and organic agriculture, positively impacts soil organic matter content,
fertility improvement, and reduction of farmland nutrient loss. However, the
effectiveness of hedgerows, contour ridging, and straw return in conserving soil
and water and reducing nutrient loss is influenced by comprehensive factors
including climatic conditions, topographic characteristics, soil properties, and
hedgerow features [12,14-15]. The efficacy of these agronomic measures in con-
trolling P loss from sloping croplands in the Chaohu Lake watershed remains
unclear. Therefore, this study utilized a long-term fixed observation station
for agricultural non-point source pollution along Chaohu Lake to investigate
the control effects of three agronomic measures—hedgerow (Hemerocallis citrina
Baroni), hedgerow with straw mulching, and contour ridging—on soil, water,
and different P forms in runoff under natural rainfall conditions in a wheat
(Triticum aestivum L.)-sesame (Sesamum indicum L.) rotation system, aiming
to provide scientific evidence for agricultural non-point source pollution control
in the Chaohu Lake watershed.

1.1 Study Area Description

The experiment was conducted at Yingxia Village, Changlinhe Town, Feidong
County, Anhui Province (117°27�E, 31°41�N), approximately 1.5 km from
Chaohu Lake. This region belongs to the Jianghuai low hilly area, located in
the eastern part of the Mesozoic-Cenozoic Hefei Depression, with a landscape
dominated by low hills and undulating plains. The study area features a north
subtropical monsoon climate with an average annual temperature of 15.5°C
and annual precipitation of 940–1,000 mm, concentrated mainly in summer
(June–August). The frost-free period ranges from 224 to 252 days. The main
crops include rice (Oryza sativa L.), winter wheat, maize (Zea mays L.), sesame,
rapeseed (Brassica napus L.), and cotton (Anemone vitifolia Buch.). The
experimental soil was a yellow-brown soil developed from Xiashu loess parent
material. Basic physicochemical properties of the 0–20 cm soil layer before the
experiment were: pH 5.95, bulk density 1.23 g・cm�³, organic matter 18.22 g・
kg�¹, total nitrogen 1.08 g・kg�¹, alkali-hydrolyzable nitrogen 87.12 mg・kg�¹,
total phosphorus 0.35 g・kg�¹, Olsen-P 9.62 mg・kg�¹, slowly available potassium
624.78 mg・kg�¹, and available potassium 156.37 mg・kg�¹.
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1.2 Experimental Design

Four treatments were established: 1) conventional downslope tillage (CK); 2)
hedgerow of Hemerocallis citrina (PH); 3) hedgerow with straw mulching (PHS);
and 4) contour ridging (CR). The experiment employed a randomized complete
block design with three replications. Correspondingly, twelve runoff plots were
established, each oriented north-high-south-low with a 6° slope and an area of 24
m² (8 m × 3 m). Each plot was bordered by 25-cm-thick brick-cement barriers,
with 30 cm buried underground and 25 cm aboveground to prevent leakage
between plots. A runoff collection tank was installed on the southern side of
each plot to collect water and sediment samples after rainfall events. The tanks
were 1 m deep below ground surface, with graduated scales on the walls for water
volume measurement. Asbestos tiles covered the tanks to prevent rainwater and
dust entry and to protect against accidental falls. A standard rain gauge was
installed near the experimental area for precipitation monitoring.

The PH treatment utilized Hemerocallis citrina, a perennial herbaceous plant
from the Liliaceae family with strong drought resistance, tolerance to poor soils
and low temperatures, and disease resistance. Its well-developed root system,
with fine roots extending up to 50 cm, provides excellent soil conservation and
runoff interception capabilities. Additionally, it offers economic value as its
flowers are edible and medicinal. The hedgerow was established in June 2008,
with three strips per plot, each consisting of two rows spaced 20 cm apart within
and between plants, with 280 cm between strips.

The PHS treatment involved applying straw mulch from the previous crop be-
tween hedgerow strips at a rate of 3,000 kg・hm�², with straw cut to 20–30 cm
lengths.

The CR treatment involved constructing six contour terraces within each plot,
with ridges 1 m wide, 0.14 m high, and spaced 0.4 m apart.

All plots except the hedgerow strips were cropped with a sesame-winter wheat
rotation following local planting methods and densities. Fertilizer application
rates were: sesame season—N 150 kg・hm�², P�O� 90 kg・hm�², K�O 120 kg・hm�²;
wheat season—N 180 kg・hm�², P�O� 75 kg・hm�², K�O 90 kg・hm�². Sixty percent
of nitrogen (urea) was applied as basal fertilizer and 40% as topdressing (sesame
at budding stage, wheat at jointing stage). All phosphorus (superphosphate)
and potassium (potassium chloride) were applied as basal fertilizers.

1.3 Sample Collection and Analysis

During 2014–2015, runoff volume was measured by recording water levels in
collection tanks after each rainfall event that generated runoff. Mixed water-
sediment samples were collected from multiple points in each tank, combined in
a clean bucket, and 1 L of water sample was taken. The tanks were then cleaned
for subsequent events. Samples were immediately divided into two portions:
one for sediment content determination and another for chemical analysis. For
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sediment measurement, at least 500 mL of mixed sample was allowed to settle
for over 20 hours, then filtered, oven-dried at 105°C for 24 hours, cooled, and
weighed to calculate sediment yield [17].

Chemical analyses included total phosphorus (TP), dissolved total phosphorus
(DTP), and dissolved orthophosphate phosphorus (D-Ortho-P), following the
Water and Wastewater Monitoring Analysis Methods (4th edition) [18]. TP was
determined by potassium persulfate oxidation-molybdate colorimetry. DTP was
measured using the same method after filtration through 0.45 �m membrane
filters. D-Ortho-P was measured directly by molybdate colorimetry after 0.45
�m filtration. Particulate phosphorus (PP) and dissolved organic phosphorus
(DOP) were calculated by difference: PP = TP − DTP and DOP = DTP −
D-Ortho-P.

1.4.1 Calculation of Phosphorus Loss Load per Unit Area (Q)

The average concentration of each phosphorus form in runoff from a single rain-
fall event represents the mean concentration discharged throughout the runoff
process. This average runoff concentration (C) for each phosphorus form in a
plot can be calculated using Equation (1):

𝐶 = 𝑀
𝑉 =

∫𝑡
0 𝐶(𝑡) ⋅ 𝑉 (𝑡) 𝑑𝑡

∫𝑡
0 𝑉 (𝑡) 𝑑𝑡

where C is the runoff concentration of each phosphorus form (mg・L�¹), M is
the flux of each phosphorus form (g), V is the runoff flux (L), C(t) is the runoff
concentration at time t (mg・L�¹), V(t) is the surface runoff volume at time t
(L), and t is rainfall duration.

Phosphorus loss from a single runoff event can be calculated using Equation (2):

𝑄𝑖 = 𝐶𝑖 ⋅ 𝑉𝑖
2, 400

where Q� is the loss of each phosphorus form from the ith rainfall event, C� is
the concentration of each phosphorus form in runoff (mg・L�¹), and V� is the
runoff volume from the 24 m² plot (L).

Annual phosphorus loss load represents the cumulative loss from all rainfall
events in a year and serves as an important indicator for evaluating soil and
water conservation and agricultural non-point source pollution control effective-
ness. It can be calculated using Equation (3):

𝑄 =
𝑛

∑
𝑖=1

𝑄𝑖
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where Q is the cumulative loss load of each phosphorus form (kg・hm�²) and n
is the number of runoff-generating rainfall events per year.

1.4.2 Data Analysis

Data processing and analysis were performed using Microsoft Excel 2007 and
SPSS 19.0. Least significant difference (LSD) tests were used for mean separa-
tion at the 5% significance level.

2 Results and Analysis
2.1 Runoff and Sediment Production Effects Under Different Agro-
nomic Measures

Five rainfall events generated runoff during the 2014–2015 experimental period:
July 4 and July 24, 2014; and June 16, June 26, and August 9, 2015, with
precipitation amounts of 89.5 mm, 126.2 mm, 96.2 mm, 78.9 mm, and 48.6 mm,
respectively. Annual runoff and sediment yields for each treatment are summa-
rized in Figure 1 [Figure 1: see original paper]. Runoff and sediment production
followed the order CK > CR > PH > PHS. ANOVA revealed significant differ-
ences between the three agronomic measures and local conventional downslope
tillage (P < 0.05). Compared with CK, PH reduced surface runoff by 20.4%
and 26.5% (averaging 23.5%) and sediment yield by 26.0% and 32.9% (averaging
29.5%). PHS reduced runoff by 33.0% and 39.9% (averaging 36.5%) and sedi-
ment by 42.7% and 47.7% (averaging 45.2%). CR reduced runoff by 17.2% and
22.1% (averaging 19.7%) and sediment by 22.8% and 29.7% (averaging 26.3%).
These results demonstrate that all three agronomic measures effectively reduced
runoff and sediment production in sloping croplands around Chaohu Lake, with
effectiveness decreasing in the order: PHS > PH > CR. Comparison of reduc-
tion magnitudes indicates that sediment reduction exceeded runoff reduction for
all three measures.

2.2 Effects of Different Agronomic Measures on Phosphorus Concen-
trations in Runoff

Concentrations of TP, DTP, PP, D-Ortho-P, and DOP in runoff from each rain-
fall event under different agronomic measures are presented in Table 1 . Under
conventional downslope tillage, TP concentrations in runoff ranged from 0.612
to 1.220 mg・L�¹, all exceeding the Class V surface water quality standard limit
of 0.4 mg・L�¹ (GB3838—2002), indicating that each runoff event from sloping
croplands around Chaohu Lake poses a potential threat to nearby water qual-
ity. Compared with CK, PHS significantly reduced TP and PP concentrations
(P < 0.05) by 19.1–33.5% and 43.4–54.9%, respectively. However, PHS signifi-
cantly increased DTP and D-Ortho-P concentrations (P < 0.05) by 33.2–60.3%
and 34.8–65.8%, respectively. Similarly, PH significantly reduced TP and PP
concentrations compared with CK (P < 0.05) by 13.6–24.8% and 26.6–37.2%,
respectively, while increasing DTP and D-Ortho-P concentrations, though not
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significantly (P > 0.05). CR reduced TP and PP concentrations by 13.9–19.8%
and 22.6–30.1%, respectively. ANOVA indicated significant differences in PP
concentrations, with TP concentrations reaching significance in three of five
runoff events (P < 0.05). DTP and D-Ortho-P concentrations showed slight
increases but no significant differences (P > 0.05). DOP concentrations were
relatively low (0.012–0.044 mg・L�¹) and showed no significant differences among
treatments. These findings demonstrate that PHS, PH, and CR reduced TP
and PP concentrations to varying degrees but increased DTP and D-Ortho-P
concentrations, with PHS showing the greatest effects.

2.3 Effects of Different Agronomic Measures on Phosphorus Forms in
Runoff

The proportions of different phosphorus forms in runoff are shown in Table 2 .
Under conventional tillage, PP accounted for 71.3–81.7% of TP, indicating that
particulate matter (�0.45 �m) transported by runoff serves as the primary carrier
for P migration in sloping croplands, with PP being the dominant form of P
loss via surface runoff—consistent with previous research [19-20]. Within DTP,
D-Ortho-P represented the major fraction (87.4–90.7%), while DOP constituted
a minor proportion (9.3–12.6%). The study also found that compared with CK,
the three agronomic measures not only effectively reduced PP concentrations (P
< 0.05) but also significantly decreased the PP/TP ratio (P < 0.05), particularly
under PHS, where PP/TP decreased to 50.1–55.8%.

2.4 Control Effects of Different Agronomic Measures on Phosphorus
Runoff Loss

Due to the combined influence of rainfall conditions and agricultural manage-
ment practices, phosphorus loss loads fluctuated considerably among individual
runoff events. Therefore, annual phosphorus loss load (i.e., flux) provides a
more representative indicator and is commonly used to characterize phosphorus
loss status in watersheds. Annual loss loads of different phosphorus forms for
each treatment are summarized in Table 3 . Under conventional tillage (CK),
average annual TP loss load was 0.706 kg・hm�², equivalent to 0.98% of ap-
plied P fertilizer and exceeding the environmentally acceptable P loss threshold
of 0.44 kg・hm�²・a�¹ proposed in previous research [21], further demonstrating
that P migration from sloping croplands along Chaohu Lake could threaten
nearby water quality. PP, DTP, D-Ortho-P, and DOP accounted for 75.0%,
25.0%, 22.3%, and 2.8% of TP, respectively. Different agronomic measures
significantly affected annual TP and PP loss loads (P < 0.05), substantially
reducing TP and PP transport via surface runoff. Compared with CK, PH,
PHS, and CR reduced annual TP loss loads by 38.4%, 53.8%, and 33.4% (P <
0.05), and PP by 49.0%, 67.6%, and 41.0% (P < 0.05), respectively, while also
reducing DTP, D-Ortho-P, and DOP loads to varying degrees. These results
demonstrate that hedgerow, hedgerow with straw mulching, and contour ridg-
ing can effectively control phosphorus loss from sloping croplands along Chaohu
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Lake, with hedgerow plus straw mulching being the most effective.

3 Discussion
3.1 Control Effects of Different Agronomic Measures on Phosphorus
Runoff Loss

Literature findings on whether agronomic measures reduce phosphorus concen-
trations in runoff compared with conventional tillage have been inconsistent.
Wang et al. [22] reported that alfalfa-maize intercropping and daylily-maize in-
tercropping increased TP and bioavailable phosphorus concentrations while de-
creasing PP compared with conventional maize monoculture. In contrast, Zhang
et al. [20] found that three-strip contour mulberry with cross-slope tillage sig-
nificantly reduced TP, PP, and DTP concentrations. This study demonstrated
that hedgerow, hedgerow with straw mulching, and contour ridging significantly
reduced PP and TP concentrations while increasing DTP and D-Ortho-P con-
centrations to varying degrees. Phosphorus loss from soil is essentially a process
of interaction between surface soil and rainfall/runoff, with runoff phosphorus
concentrations depending on both the dilution effect of runoff on surface soil
phosphorus and the interaction between runoff and phosphorus during downs-
lope transport. Under this study’s conditions, the three agronomic measures
increased DTP and D-Ortho-P concentrations primarily by reducing runoff ve-
locity, which intensified interaction between runoff and surface soil, thereby
increasing the amount of TDP and D-Ortho-P dissolved and desorbed per unit
runoff. Additionally, long-term straw return (including returned straw and cut
hedgerow biomass) increased soil phosphorus reserves and enhanced soil P sup-
ply capacity [23], while organic acids from straw decomposition may have in-
creased soil phosphorus mobility and facilitated P transport in soil [24]. In
contrast, PP content is mainly influenced by raindrop splash and runoff erosion.
The three agronomic measures significantly reduced runoff and sediment, weak-
ening erosion of surface soil PP by rainfall-runoff processes and consequently
reducing PP content per unit runoff.

This study showed that compared with conventional tillage, all three agronomic
measures significantly reduced TP loss loads, indicating effective control of
phosphorus migration from sloping croplands—consistent with previous reports
[13-16,25]. For example, in 20° purple soil sloping croplands in Zigui County,
Three Gorges Reservoir area, vetiver hedgerow with wheat-maize rotation re-
duced annual TP loss to 20.51 mg・m�², only 56.95% of the control [16]. In the
Danjiangkou Reservoir area, daylily hedgerows reduced runoff phosphorus by
78.3% compared with the control [25]. In brown soil sloping croplands in Liaon-
ing Province, ridging reduced runoff phosphorus loss by 34.9% and sediment-
associated phosphorus by 12.1% compared with the control [14]. In the Chaohu
Lake watershed, straw mulching in upland fields under rice-upland rotation re-
duced TP loss by 32.3% compared with the control [13]. Soil phosphorus loss
load via surface runoff is determined by both runoff volume and TP concen-
tration, with TP concentration comprising DTP and PP. Although the three
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agronomic measures increased DTP concentrations to varying degrees, PP rep-
resents the dominant form of phosphorus loss via runoff from sloping lands. The
reduction in PP by these measures far exceeded their impact on DTP, thereby
decreasing overall TP concentration. Considering runoff volume, sediment yield,
and phosphorus concentrations, the control effects on phosphorus output were
achieved primarily through reducing runoff volume and decreasing PP concen-
tration in runoff.

3.2 Phosphorus Runoff Loss Levels in Chaohu Watershed Sloping
Croplands

Phosphorus loss from sloping lands is influenced by comprehensive factors in-
cluding soil properties, climatic conditions, vegetation cover, agricultural man-
agement, and topography. Liu et al. [26] studied nitrogen and phosphorus
losses from citrus orchards on sloping lands in the Danjiang Reservoir area un-
der different mulching practices, reporting annual P loss loads of 1.6–1.7 kg・
hm�² under conventional management. Lin et al. [27] investigated soil and nutri-
ent losses from purple hilly region sloping croplands in Sichuan under different
tillage and mulching practices, finding average seasonal P loss of 27.18 kg・hm�²
under conventional downslope ridging. Zhang et al. [20] studied nitrogen and
phosphorus losses from dry sloping lands in the Three Gorges Reservoir area,
reporting annual P flux of 0.23 kg・hm�² under maize-mustard rotation. Lu et
al. [28] monitored nitrogen and phosphorus loss characteristics from sloping red
soil fields in Yunnan, finding annual P loss loads of 1.45–6.78 kg・hm�² under
conventional fertilization and downslope tillage. This study showed that con-
ventional downslope tillage in Chaohu watershed sloping croplands resulted in
average annual P loss of 0.706 kg・hm�². Thus, phosphorus runoff loss levels
vary considerably across regions. Compared with other areas, Chaohu water-
shed sloping croplands exhibit moderate P loss levels. Chu et al. [29-30] studied
nutrient export from polder areas along Chaohu Lake during summer rice and
winter rapeseed-wheat seasons, reporting annual P export loads of 0.27 kg・
hm�² and 0.48 kg・hm�² for rice-rapeseed and rice-wheat rotation systems, re-
spectively. Phosphorus loss from sloping croplands along Chaohu Lake exceeds
that from rice-wheat (or rice-rapeseed) rotation systems in the same region,
and its potential long-term impact on Chaohu Lake water quality cannot be ig-
nored. Additionally, rainfall variability causes substantial differences in annual
farmland phosphorus loss, necessitating long-term monitoring for more accurate
assessment of soil phosphorus runoff loss loads in the Chaohu watershed.

Hedgerow (PH), hedgerow with straw mulching (PHS), and contour ridging (CR)
effectively control soil erosion risk in Chaohu watershed sloping croplands, with
effectiveness decreasing in the order: PHS > PH > CR. Particulate phosphorus
represents the dominant form of phosphorus transported via surface runoff from
Chaohu watershed sloping croplands. Within DTP, D-Ortho-P constitutes the
major fraction while DOP represents a minor proportion. PH, PHS, and CR
significantly reduced PP and TP concentrations in runoff while increasing DTP
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and D-Ortho-P concentrations to varying degrees, without significantly affecting
DOP concentration.

These three agronomic measures effectively reduce phosphorus loss loads from
sloping croplands, with the primary mechanisms being runoff volume reduc-
tion and PP concentration decrease. Hedgerow combined with straw mulching
demonstrated the best performance and can serve as an effective source control
measure for phosphorus export from agricultural non-point source pollution in
sloping croplands along Chaohu Lake.

This study focused on phosphorus loss and load calculations in surface runoff
without considering phosphorus leaching losses, which should be addressed in
future research.
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