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Abstract

Widespread contamination of agricultural soil with Cd and As has resulted in substantial transfer and accumulation of these
toxicants in rice grains. In the present study, we investigated the effects of chicken manure application on Cd and As concen-
trations and As speciation in the rice grains grown under different water conditions by pot experiment. Under aerobic condition,
the application of chicken manure increased soil pH and soil Eh during most of the growth period of rice. Consequently, the
application of chicken manure has little effect on total Cd, slightly decreased total As and inorganic As of rice grains when
applied at rate of 2.0%. Under intermittent irrigation condition, the application of chicken manure increased soil pH and
decreased soil Eh during most of the growth period of rice. Thus, chicken manure decreased total Cd, As, and inorganic As of
rice grains. Besides, there was increased reduction of Cd and As with increase in the amount of chicken manure applied. Under
flooded condition, the application of chicken manure increased soil pH before heading but decreased soil pH after heading. The
application of chicken manure dramatically decreased total and inorganic As in rice grains, and slightly decreased Cd of rice
grains. There was increased reduction of total As concentration with the increase in the amount of chicken manure applied.
Meanwhile, the inorganic As concentration was the lowest when the concentration of chicken manure was 1.0%.
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Introduction Zhao et al. 2015). Cd is a nephrotoxic heavy metal element
that can readily accumulate in crops, leading to several dis-

Exposure to toxic metals, particularly Cd and As, has become  eases in livestock and human being (Hu et al. 2016; Khan

an increasingly recognized cause of illness worldwide
(Honma et al. 2016; Meharg et al. 2013; Wagqas et al. 2014;
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etal. 2013). As, especially inorganic As (iAs), is a highly toxic
human carcinogen that can cause lung and urinary tract can-
cer, cardiovascular disorders, and skin lesions (Honma et al.
2016). Rice (Oryza sativa L.), the staple food of more than
half the global population, has been considered a major expo-
sure pathway of Cd and As intake by humans (Liang et al.
2010; Mondal and Polya 2008; Tsukahara et al. 2003; Xu et al.
2008). Therefore, minimization of Cd and As concentrations
in rice grains is an important health issue (Arao et al. 2009).
Among the agronomic management practices, water man-
agement has been recommended as one of the most effective
ways to reduce bioavailability of Cd and As in paddy soils
simultaneously and their subsequent uptake by rice plant
(Arao et al. 2009; Rahaman et al. 2011; Hu et al. 2013). The
predominant form of plant-available Cd is a metal ion, and its
uptake is suppressed under flooded conditions. Ito and limura
(1976) attributed the decrease in Cd uptake by rice plants to
the formation of CdS when the soil has a low redox potential.
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However, drainage of paddy soils results in an oxidative con-
dition that accelerates the conversion of CdS to soluble CdSO,4
(Bingham et al. 1976; Ito and limura 1976). Inahara et al.
(2007) reported that maintaining flooded water conditions
from 15 days before heading to 25 days after heading reduced
the concentration of Cd in brown rice by 84% when compared
with the concentration observed upon intermittent irrigation.
As might be present in soil both as inorganic As (mainly
arsenite As(IIT)) and methylated As species (mainly
dimethylarsinic acid (DMA)) (Williams et al. 2006), and the
predominant As species in the rice grains is iAs, which is
generally considered more toxic than the methylated As spe-
cies (Schoof et al. 1999). Besides, it has been established that
anaerobic conditions enhance the bioavailability of As in pad-
dy soils, ascribed to the reduction of arsenate to arsenite
(Masscheleyn et al. 1991; Marin et al. 1993; Takahashi et al.
2004). Xu et al. (2008) reported that rice grain grown under
flooded irrigation contained As species mostly in the form of
DMA, whereas iAs accounted for the majority of total As
under aerobic condition. Methylation of As might be a re-
sponse to the increase in As uptake in rice grains when culti-
vation conditions change from aerobic to flooded. However,
water management is known to affect the mobility and bio-
availability of Cd and As to rice plants, and their subsequent
accumulation in rice grains. Flooding condition increases the
concentration of As in rice grains, whereas aerobic and inter-
mittent treatments increase the concentration of Cd.
Therefore, it might be difficult to maintain a low concentration
of Cd and As in rice grains simultaneously by means of water
management alone.

In situ remediation using soil amendment has been used for
Cd- and As-contaminated paddy soils. It has been established
that the application of silicon-based materials (Li et al. 2009;
Seyfferth and Fendorf 2012), iron materials (Yamane 1989;
Liu et al. 2004; Nath et al. 2014; Honma et al. 2016), and
organic matters (Huang et al. 2012; Li et al. 2018) to paddy
soils decreases As uptake in rice grains. Soil amendments
employed for Cd immobilization include natural and modified
additives, such as clay minerals (Yin et al. 2017; He et al.
2018), phosphorus materials (Sun et al. 2016; Wiggenhauser
et al. 2019), and organic matters (Gao et al. 2018; Zhou et al.
2018). Among these amendments, organic manures are a
promising, simple, natural material that can influence trace
element mobility and toxicity. On one hand, CM might influ-
ence available Cd and As by changing soil pH. To the best of
our knowledge, the adsorption of cationic elements increases
with increase in pH, whereas the adsorption of arsenate
(As(V)) exhibits an opposite trend. On the other hand, CM
might suppress the bioavailability of Cd or As via
complexing, adsorbing, and precipitating functions.

It has been reported that the application of chicken manure
(CM) decreases Cd concentration in plants, and there is in-
creased reduction with increasing amounts of CM applied
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(Yao et al. 2009; Huang et al. 2018). However, there are few
reports on the effects of combined CM application and water
management on Cd and As uptake by rice plants and As spe-
ciation in rice grains. The objectives of the present study were
to investigate the simultaneous effects of water management
and CM application on dissolved Cd and As concentrations in
soils, Cd and As uptake by rice, and As speciation in rice
grains, to identify the optimal water management methods
and application ratio of CM for minimizing Cd and As con-
centrations simultaneously in rice grains.

Materials and methods
Characteristics of chicken manure and soil

Soil with natural Cd and As content was collected from the 0
to 20-cm layer in Chenzhou, Hunan, South China (112° 43’
48" N, 25° 43’ 48" E) (Fig. 1). The soil samples passed
through a 20-mesh sieve were used for physical and chemical
analysis, and those passed through a 100-mesh sieve were
used for the determination of Cd and As concentrations (Sun
et al. 2016). The characteristics of the soil are presented in
Table 1. CM was purchased from a local fertilizer market in
Tianjin, China. The CM contained 44.1% organic matter,
3.42% total N, 0.89% total P, 2.04% total K, and 2.53% total
S. The concentrations of total Cd and As in the CM, deter-
mined by inductively coupled plasma mass spectrometry
(iICAP Q; Thermo Scientific, Waltham, MA, USA) after di-
gestion with HNO; and HCIO,, were 4.7 and 18.4 mg kg ',
respectively. The pH of CM measured at a soil-to-water ratio
of 1:2.5 (w/v) with a pH meter (PB-10, Sartorius, Germany)
was 6.47 (Yin et al. 2017).

Pot study setup

Pot experiments, with three replications each, were conducted
in 2017 in a greenhouse at ambient temperatures (7-36 °C)
under sunlight. All soil samples were air-dried, sieved (< 5
mm), and homogenized before the pot experiment. CM was
air-dried, homogenized, and passed through 20-mesh sieve. A
compound fertilizer, containing 3.87 g urea and 6.24 g
monopotassium phosphate, was added to each pot by basal
application (Xiao et al. 2015). During the growth stage, urea
containing 0.2 g of N was top-dressed to each pot at the mid-
tillering stage (40 days after transplanting). Contaminated soil
(6 kg) was placed in plastic pots with an internal diameter of
24 cm and height of 34 cm, and the CM was blended into the
contaminated soils at the ratio of 0.5%, 1.0%, and 2.0%
(weight/weight), which were determined considering the re-
mediation effect and economic benefit. A soil-water sampler
(Rhizosphere Research Products B.V., Wageningen, the
Netherlands) was buried at a depth of 15 cm in the middle
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Fig. 1 Location of sampling point (green star) in Chenzhou, Huan province, China

of each pot for collecting soil solution. The soils were equil-
ibrated for 1 month, maintaining approximately 75% of field
water-holding capacity with tap water (without Cd).
Seedlings of rice (Oryza sativa L.) were germinated on
perlite and transplanted on June 11, 2017. The rice plants were
grown under uniform flooded conditions for 21 days before
the water treatment. Thereafter, three different water manage-
ments were conducted, namely, flooded condition (2-3 cm
water layer in the top soil throughout the growth period of rice
plants), intermittent irrigation (repeated every 7-day with 3-
day flooding followed by 4-day drainage), and aerobic

Table 1 Basic

characteristics of soil Properties Value
pH (H,0) 621
OM?* (gkg ™) 34.6
Total N (mg kg ") 429
Available P (mg kg ") 9.3
Available K (mg kg ™) 182.7
CEC® (cmol kg 1) 25.3
Total Cd (mg kg™ 25
Total As (mg kg ) 11.0

# OM organic matter

® CEC cation exchange capacity

condition (moisture was maintained in the top soil during
the whole growth period of rice plants).

Sample preparation and analysis

Soil redox potential (Eh) was measured in situ using an ORP
meter (Seven2Go Pro S8; Mettler-Toledo GmbH, Greifensee,
Switzerland) with platinum electrodes (Redox, Switzerland)
installed at a depth of 10 cm in each plot. The pH of soil
solution was measured using a glass electrode (Expert Go-
ISM, Switzerland). Meanwhile, the soil solution was sampled
according to the method recommended by Arao et al. (2009)
with minor modifications from early June to late September at
intervals of 1-2 weeks to determine the concentrations of dis-
solved Cd and As.

To analyze the rice plants, two rice hills were selected for
sampling at the maximum tiller number (July 12), heading
(August 23), and maturing stages (October 11). Plant samples
collected before maturity were separated into shoots and roots.
After 135 days of growth, the plants were harvested, cut off at
the rhizome junction, and separated into root, straw, rachis,
husk, and rice grains. The rice grains were oven-dried at 75 °C
and weighed immediately after removing the husk and un-
filled grains. The plant samples and rice grains were ground
to a fine powder, and the plant material remaining on the 1.85-
mm sieve was used for further analysis.
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Dried and powered rice plant samples (0.2500 = 0.0005 g)
were digested in 4:1 (v/v) HNO5/HCIO4 (10 mL) using a
block digester (Yin et al. 2017). The concentration of Cd
and As in the digested samples and soil solutions was deter-
mined by inductively coupled plasma mass spectrometry
(iICAP Q; Thermo Scientific, Waltham, MA, USA).

The concentrations of predominant As species in rice
grains were determined according to the methods recom-
mended by Baba et al. (2014) with minor modifications.
The powdered sample of rice grain (1 g dry weight) was
digested with 20 mL of 0.15 M HNOj; on a thermostat at
90 °C for 2.5 h with regular shaking at every 30 min
intervals. The solution obtained was centrifuged at
4000 rpm for 20 min and the supernatant was filtered
through a sterilized 0.45-pum filter. Arsenic speciation in
the rice grain was determined by HPLC (DIONEX
Ultimate 3000, Thermo Scientific, Waltham, MA, USA)
with ICP-MS (iCAP RQ, Thermo Scientific, Waltham,
MA, USA). HPLC/ICP-MS analysis showed that the rice
grain samples contained mostly As(IIl) and DMA.

Quality control

To monitor the accuracy and quality of chemical analyses,
quality control measures were adopted using soil
(GBW(E)-070009) and plant reference materials (GBW-
10045 (GSB-23)) obtained from the Institute of
Geophysical and Geochemical Exploration (IGGE,
China). All reagent used in the experiment are guarantee
reagent. Three reagent blanks and three standard reference
materials were included in each batch of extraction, prep-
aration, and analysis of every 40 samples. No Cd and As
was detected in the reagent blanks (only HNO;). The re-
covery rate was 95-101% and 91-101% for Cd and As of
plants, respectively. The recovery rate was 90-100% and
90-110% for Cd and As of soil, respectively.

Statistical analyses
Statistical analyses were preformed using Excel 2010 and
SAS 9.2 (SAS Inc., NC, USA). The mean values of the ex-
perimental parameters were compared using Student’s ¢ test at
p < 0.05 (significant).

Results

Effects of CM on grain yield under different water
management treatments

The application of CM had little effect on grain yield

under aerobic condition. Under intermittent irrigation,
the application of 2.0% CM marginally increased grain
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yield, but the application of 0.5% and 1.0% CM dramat-
ically decreased grain yield. The application of CM sig-
nificantly increased grain yield under flooded condition.
Grain yield increased by 39.6%, 49.4%, and 48.4% upon
applying 0.5%, 1.0%, and 2.0% CM, respectively
(Table 2).

Soil pH, Eh, and the concentration of total dissolved
Cd and As in soil solution

Figure 2 shows the effects of CM on total dissolved Cd
and As concentrations in soil solution among different
water management treatments. As shown in Fig. 1, the
dissolved Cd concentration increased until the maximum
tiller number stage, and then decreased till the fully ma-
tured period under the aerobic and intermittent irrigation
conditions. While, dissolved Cd concentration throughout
the growth period under flooded condition. Dissolved Cd
decreased on Jul 10 as a consequence of top-dressing with
urea at the mid-tillering stage. The dissolved Cd concen-
tration was higher under aerobic condition than under in-
termittent irrigation condition. The concentration of dis-
solved Cd stayed well below 0.4 pg L™" under the flooded
condition in the control treatment. The application of CM
significantly decreased the dissolved Cd concentration in
soil solution under aerobic condition but increased Cd
concentration under intermittent and flooded irrigation
conditions.

The dissolved As concentrations in soil solution stayed
well below 20 g L™ under aerobic and intermittent irrigation
conditions after implementation of the water management
practices, whereas it exceeded 100 ug L™ under flooded con-
dition. The application of CM increased dissolved As concen-
tration in soil solution under aerobic and intermittent irrigation
conditions, while it decreased dissolved As concentration un-
der flooded condition. There was an increased reduction of
dissolved As in soil solution with increased application of
CM.

Figure 3 shows the effects of CM on soil pH and Eh
under different water treatment throughout the growth pe-
riod of rice. As shown in Fig. 3, soil pH and Eh were
strongly affected by water management and the applica-
tion of CM. The pH of soil increased initially, and then
decreased till the heading stage, then increased again un-
der different water conditions. The pH of soil was almost
below 7.5 in the aerobic and intermittent irrigation condi-
tions. The pH of soil was maintained at 7.5-8.0 under the
flooded condition in control treatment after implementing
the water management practice. The application of CM
increased soil pH during most of the growth period under
different water conditions, especially under the aerobic
water condition. The pH of soil exceeded 7.5 with the
application of CM under aerobic condition, and it
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Table 2 Effects of chicken
o o o

manure on grain yield under Water management Grain yield (g pot )

different water management

treatments CK CM1 CM2 CM3
Aerobic 254+09a 268+04a 275+12a 23.8+05a
Intermittent 278+12a 219+02b 21.8+1.2b 322+09a
Flooded 245+1.1b 342+0.1a 36.6+£0.1a 3635+05a

(a) CK, no chicken manure was applied, CM1, 0.5% (w/w, the same below) CM was applied to the pots; CM2,
1.0% CM was applied to the pots; CM3, 2.0% CM was applied to the pots. (b) The values with different letters in
each set were significantly different at p < 0.05. Data are means = SE (n = 3)

exceeded 8.0 under flooded condition. The application of
0.5% CM decreased soil pH, while 1.0% and 2.0% CM
increased soil pH under intermittent irrigation.

The Eh of soil increased until the heading stage, and then
decreased under different water conditions. The Eh of soil
ranged from — 100 to — 250 mV under flooded irrigation.
The Eh of soil dramatically increased under aerobic and inter-
mittent irrigation conditions after implementation of water

T—m— aeroCK

management practices. After the application of CM, soil Eh
exceeded 200 mV during most of the time of vegetative
growth stage and the whole reproductive growth stage under
aerobic condition. The application of CM marginally de-
creased soil Eh during most of the growth period under inter-
mittent irrigation conditions. But, the application of CM
showed font-to-back effect on the Eh of soil under flooded
irrigation conditions.
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Fig. 2 Changes in dissolved Cd concentration and As concentration
throughout the growth period of rice. aeroCK, the pots were maintained
under aerobic condition during the growth period and had no chicken
manure (CM) applied; acroCM1, the pots were maintained under aerobic
condition and had 0.5% CM applied; aeroCM2, the pots were maintained
under aerobic condition and had 1.0% CM applied; aeroCM3, the pots
were maintained under aerobic condition and had 2.0% CM applied;
IntCK, the pots were intermittently irrigated and had no CM applied;
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Time

IntCM1, the pots were intermittently irrigated and had 0.5% CM applied;

IntCM2, the pots were intermittently irrigated and had 1.0% CM applied;

IntCM3, the pots were intermittently irrigated and had 2.0% CM applied;

fCK, the pots were flooded and had no CM applied; f{CM1, the pots were

flooded and had 0.5% CM applied; f{CM2, the pots were flooded and had

1.0% CM applied; f{CM2, the pots were flooded and had 2.0% CM
applied
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Fig. 3 Changes in soil pH and Eh throughout the growth period of rice.
aeroCK, the pots were maintained under aerobic condition during the
growth period and had no chicken manure (CM) applied; aeroCM1, the
pots were maintained under aerobic condition and had 0.5% CM applied;
acroCM2, the pots were maintained under aerobic condition and had
1.0% CM applied; aecroCM3, the pots were maintained under aerobic
condition and had 2.0% CM applied; IntCK, the pots were intermittently
irrigated and had no chicken manure (CM) applied; IntCM1, the pots

Cd and As concentrations in shoots of rice plant
during the growth period

As shown in Fig. 4, the concentration of Cd in shoots of rice
plants significantly increased during the vegetative growth
stage (Aug 23) and decreased during the reproductive growth
stage under different water management treatments. This is
because a large amount of Cd was transferred and accumulat-
ed in rice grains during the ripening and maturing stages. The
application of CM significantly decreased the concentration of
Cd in shoots under different water management treatments
during the whole growth period. The application of CM was
the most effective at the ratio of 1.0%, 2.0%, and 0.5% under
aerobic, intermittent, and flooded conditions, respectively.
The concentration of As in shoots significantly decreased
during the vegetative stage, but remarkably increased during
the ripening and maturing stages under different water man-
agement treatments. The concentration of As was well below
3 mgkg ' under aerobic and intermittent irrigation conditions.
Under flooded condition, the concentration of As in shoots
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Time
were intermittently irrigated and had 0.5% CM applied; IntCM2, the pots
were intermittently irrigated and had 1.0% CM applied; IntCM3, the pots
were intermittently irrigated and had 2.0% CM applied; fCK, the pots
were flooded and had no chicken manure (CM) applied; f{CM1, the pots
were flooded and had 0.5% CM applied; fCM2, the pots were flooded
and had 1.0% CM applied; f{CM2, the pots were flooded and had 2.0%
CM applied

was particularly high during the tillering stage, and then de-
creased considerably during the heading and maturing stages
(Aug 23). The application of CM considerably decreased the
concentration of As in shoots throughout the rice growth pe-
riod under different water management treatments. During the
vegetative stage, the application of CM was the most effective
at the ratio of 1.0%, 0.5%, and 2.0% under aerobic, intermit-
tent, and flooded irrigation conditions, respectively.

Total As and Cd concentrations and As speciation
in rice grains

Table 3 shows the combined effect of water management and
the application of CM on Cd concentration and As speciation.
As shown in Table 3, Cd content in rice grains was well above
1.0 mg kg" under aerobic and intermittent water conditions.
Compared with aerobic and intermittent conditions, Cd con-
tent in rice grains decreased by 79.7-89.6% under flooded
condition. The application of CM had little effect on the con-
centration of Cd under aerobic condition. Under intermittent
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Fig. 4 Cd and As concentrations in shoots of rice plant under different
treatments during the whole growth period. (a) A/D, The pots were main-
tained under aerobic condition during the growth period; B/E, the pots
were intermittently irrigated; C/F, the pots were maintained under flooded

irrigation condition, the application of 0.5%, 1.0%, and 2.0%
CM decreased the concentration of Cd by 5.7%, 31.0%, and
48.0%, respectively. Under flooded condition, the application
0f 0.5%, 1.0%, and 2.0% CM decreased the concentration of
Cd by 24.1%, 10.3%, and 17.2%, respectively.

The concentration of total As in rice grains under aerobic
and intermittent irrigation conditions was well below 0.2 mg
kg !, the standard for inorganic As proposed by Codex
Alimentarius Commission. Flooded irrigation significantly in-
creased the concentration of total As of rice grains. The appli-
cation of CM decreased total As and there was increased re-
duction of total As with increased CM application under dif-
ferent water conditions. As reduction in rice grains upon 2.0%
CM application reached 27.9%, 29.7%, and 48.7% under aer-
obic, intermittent, and flooded conditions, respectively.

Table 3 also shows the combined effects of water manage-
ment and CM application on As speciation in rice grains. The
main As species detected were As(Ill) and DMA(V). As(V)
and Monomethyl arsenate (MMA) are not shown in the figure
because they were all below the detection limit. The application
of CM decreased As(III) under different water condition, and
there was increased reduction with the increased application of
CM. When the concentration of CM reached 2.0%, the appli-
cation of CM significantly decreased As(IIl) under aerobic and
intermittent irrigation conditions. While under flooded condi-
tion, the application of 0.5%, 1.0%, and 2.0% CM significantly
decreased As(IIl) by 33.3%, 49.8%, and 48.8%, respectively.

condition. (b) CK, no chicken manure was applied to the pots; CM1,
0.5% CM was applied to the pots; CM2, 1.0% CM was applied to the
pots; CM3, 2.0% CM was applied to the pots

Discussion

In the present study, there was only a marginal difference in
grain yield under different water management conditions;
however, the grain yield was higher under flooded and
intermittent conditions than under aerobic irrigation. These
results are consistent with those of Hu et al. (2013) and Sun
et al. (2014). They reported that in all the rice cultivars exam-
ined, the grain yield of rice grown under intermittent condition
was higher than that under aerobic and flooded irrigation con-
ditions. The application of CM promoted rice growth under
intermittent and flooded management conditions, but had little
effect under aerobic condition.

This study investigated the changes in soil pH, Eh, and
concentrations of dissolved Cd and As in soil solution
throughout the growth period of rice plants. Soil pH continu-
ously increased during the seedling stage and declined con-
siderably after 2-3 weeks of vegetative growth under different
water management conditions, which is consistent with the
findings of Honma et al. (2016). This rhizosphere acidification
likely occurred because of higher uptake cations, such as
NH,* and K*, than that of anions (Maheshwari et al. 2012).
Elevated concentration of dissolved Cd in the soil solution
was observed as the pH decreased below 7.5 or 6.5 (Fig. 2).
Javed et al. (2017) have also reported that the decrease in
available Cd in the rhizosphere can be attributed to the in-
crease in pH.
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Table 3 As speciation and Cd concentrations in rice grains

Treatment Total As sum As As(III) DMA Cd
(mgkg ) (mgkg ™) (mgkg ) (mgkg ™) (mgkg ")
Aerobic CK 0.181 £0.005 a 0.176 (97) 0.157 £0.005 a 0.019 +£0.002 a 1.70 £ 0.065 a
CMl1 0.165 = 0.001 ab 0.153 (93) 0.133 £0.007 a 0.020 +0.003 a 1.63+0.020 a
CM2 0.144 £0.001 ab 0.145 (101) 0.131 £0.001 a 0.014 £0.002 a 1.53+£0.123 a
CM3 0.130+0.011 b 0.109 (84) 0.092 £0.006 b 0.017 £0.003 a 148 £0.039 a
Intermittent CK 0.169 £ 0.009 a 0.140 (83) 0.127 +0.011 a 0.013 £0.003 b 229+0.171 a
CM1 0.160 = 0.005 a 0.144 (90) 0.117 £ 0.006 ab 0.027 £0.001 a 2.16£0.076 a
CM2 0.129 £0.001 b 0.113 (88) 0.101 = 0.005 ab 0.012 £0.002 b 1.58 £0.029 b
CM3 0.119 £0.001 b 0.083 (70) 0.083 £0.001¢ <0.01 1.19+0.094 ¢
Flooded CK 0.801 £0.012 a 0.635 (79) 0.432+0.034a 0.203 £0.007 a 0.29 +£0.001 a
CM1 0.522 £0.052 b 0.451 (86) 0.288 £0.007 b 0.163+£0.017 a 0.22 +£0.005 ¢
CM2 0.485 +0.039 bc 0.402 (83) 0.217 £0.005 ¢ 0.185+0.009 a 026+0.012b
CM3 0411 +£0.019¢ 0.386 (94) 0.221 £0.013 ¢ 0.165+0.001 a 0.24 £+ 0.009 bc

(a) CK, no chicken manure was applied, CM1, 0.5% (w/w, the same below) CM was applied to the pots; CM2, 1.0% CM was applied to the pots; CM3,
2.0% CM was applied to the pots. (b) Data are means = SE (n = 3); sum As = As(IIl) + DMA(sum As/total As %). The values with different letters in each

set were significantly different at p < 0.05

Soil Eh significantly increased throughout the whole
growth period under aerobic and intermittent water manage-
ment conditions. The concentration of dissolved Cd in the soil
solution exhibited a continuous increase until the maximum
tiller number stage under aerobic and intermittent conditions.
This might be attributed to the significant increase in soil Eh.
However, under flooded condition, soil Eh was well below —
180 mV during the seedling stage, and then increased till the
end of the vegetative growth stage, showing a final increase
during the reproductive growth stage. The concentration of Cd
in soil solution was substantially low under flooded irrigation,
in accordance with the findings of Arao et al. (2009).
Increased concentration of dissolved As was observed as the
Eh of soil decreased below — 100 or — 200 mV (Fig. 2). This is
because the decrease in Eh below — 100 mV accelerated the
release of As from ferrous(hydr)oxides (Honma et al. 2016).
The concentration of As in the soil solution was 7-20 times
higher under flooded condition than under aerobic and inter-
mittent conditions. This is owing to the release of adsorbed or
precipitated As from iron oxyhydroxides into the soil solution
and the reduction of arsenate to arsenite, which easily release
from the adsorptive surface of iron oxyhydroxides (Takahashi
et al. 2004; Xu et al. 2008).

In this study, the application of CM increased soil pH re-
markably throughout the growth period under aerobic condi-
tion. As a consequence, CM decreased Cd concentration in the
soil solution throughout most of the growth period of rice
plants. And, the concentration of Cd in rice grains slightly
decreased under aerobic condition. Under intermittent irriga-
tion condition, the application of 1.0% and 2.0% CM in-
creased soil pH, but decreased soil Eh. Then, the content of
dissolved Cd decreased throughout most of the growth period
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of rice plants. But, Cd concentration of rice grains decreased
with the application of CM. However, the application of CM
increased both soil pH and Eh under flooded water condition.
As a result, the content of dissolved Cd upon CM application
was higher than that under the control. Cd concentration of
rice grains decreased upon CM application. It may have con-
tributed to limiting the transfer of Cd from other plant parts to
rice grains.

CM decreased total As uptake in rice grains under different
water management conditions (Table 3) owing to the reduc-
tion of dissolved As in the soil solution throughout the growth
period (Fig. 1). Rahaman et al. (2011) also found that the
combined application of lathyrus, vermicompost, and poultry
manure reduced As transport in plant parts. This is because
organic matter released by compost or manure adsorbs As and
reduces As concentration in soil-water-soluble exchangeable
and carbonate fractions. Flooded treatment decreased the per-
cent of As(IIl) in rice grains, but the concentration of As(III)
remained higher than that in grains grown under aerobic con-
dition. The results suggested that rice plants transferred DMA
very efficiently into rice grains grown under flooded condi-
tion, in accordance with the findings of Raab et al. (2007).
Arao et al. (2009) found that DMA accounted for 52% of the
total As concentration in rice grains grown under flooded
condition throughout the growth period. In this study, the con-
centration of As(IIl) reached the minimum level when the
concentration of CM was 1.0%. When the amount of CM
reached 2.0%, both the total As and As(III) concentrations in
rice grains decreased by 48.7% under flooded condition. The
results suggest that CM might have a great potential to reduce
the concentration of both total As and inorganic As concen-
trations in rice grains.
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The application of CM decreased the uptake of Cd and As
by rice grains, and there was increased reduction of Cd uptake
with the increase in the amount of CM applied. With respect to
total As, there was increased reduction with the increase in the
amount of CM applied. Chen et al. (2011) found that low
quantities of OM enhance As accumulation but decrease Cd
accumulation in rice grains, whereas the opposite trend was
observed when high amounts of OM were added.

In conclusion, our study showed that with water manage-
ment alone, it is difficult to simultaneously mitigate Cd and As
concentrations in rice grains. The combined effect of flooded
water condition and the application of CM might have a great
potential to minimize the simultaneous uptake of Cd and As
by rice grains. However, the application rate had a variable
effects on the reduction of Cd and As uptake. Therefore, fur-
ther research is needed to confirm the widely applicable ratio
of CM for different soil types, weather conditions, and Cd and
As concentrations in soils.

Funding information The current research was supported by the Funds
for the Science and Technology Innovation Project from the Chinese
Academy of Agricultural Sciences (No. CAASXTCX-xym-2017), the
China Agriculture Research System (CARS-03), the Tianjin Science
and Technology Support Plan Project (14ZCZDSF00004), The National
Key Research and Development Program of China (2018YFD080066),
and Tianjin Natural Science Foundation Key Project (17JCZDJC34200).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

Arao T, Kawasaki A, Baba K, Mori S, Matsumoto S (2009) Effects of
water management on cadmium and arsenic accumulation and
dimethylarsinic acid concentrations in Japanese rice. Environ Sci
Technol 43:9361-9367

Baba K, Arao T, Yamaguchi N, Watanabe E, Eun H, Ishizaka M (2014)
Chromatographic separation of arsenic species with
pentafluorophenyl column and application to rice. J Chromatogr
1354:109-116

Bingham FT, Page AL, Mahler RJ, Ganje TJ (1976) Cadmium availabil-
ity to rice in sludge-amended soil under flood and non-flood culture.
Soil Sci Soc Am J 40(5):715-719

Chen D, Xu X, Luan D, Zhang Y, Shao X, Hu J (2011) Remediation of
paddy soil contaminated by arsenic, cadmium and lead with amend-
ments. Jiangsu J Agric Sci 27(6):1284—1288

Gao JK, Lv JL, Wu HM, Dai YC, Nasir M (2018) Impacts of wheat straw
addition on dissolved organic matter characteristics in cadmium-
contaminated soils: insights from fluorescence spectroscopy and
environmental implications. Chemosphere 193:1027-1035

He LZ, Li N, Liang XF, Yin XL, Huang QQ, Wang L, Sun YB, Xu YM
(2018) Reduction of Cd accumulation in pak choi (Brassica
chinensis L.) in consecutive growing seasons using mercapto-
grafted palygorskite. RSC Adv 8:32084-32094

Honma T, Ohba H, Kaneko-Kadokura A, Makino T, Nakamura K, Katou
H (2016) Optimal soil Eh, pH, and water management for

simultaneously minimizing arsenic and cadmium concentrations in
rice grains. Environ Sci Technol 50:4178-4185

Hu PJ, Huang JX, Ouyang YN, Wu LH, Song J, Wang SF, Zhu L, Han
CL, Zhou LQ, Huang YJ, Luo YM, Christie P (2013) Water man-
agement affects arsenic and cadmium accumulation in different rice
cultivars. Environ Geochem Health 35:767-778

Hu YN, Cheng HF, Tao S (2016) The challenges and solutions for
cadmium-contaminated rice in china: a critical review. Environ Int
92-93:515-532

Huang H, Jia Y, Sun GX, Zhu YG (2012) Arsenic speciation and vola-
tilization from flooded paddy soils amended with different organic
matters. Environ Sci Technol 46(4):2163-2168

Huang QQ, Yu Y, Wan YA, Wang Q, Luo Z, Qiao YH, Su DH, Li HF
(2018) Effects of continuous fertilization on bioavailability and frac-
tionation of cadmium in soil and its uptake by rice (Oryza sativa L.).
J Environ Manag 215:13-21

Inahara M, Ogawa Y, Azuma H (2007) Countermeasure by means of
flooding in latter growth stage to restrain cadmium uptake by low-
land rice [Oryza sativa)]. Jpn J Soil Sci Plant Nutr 78(2):149-155

Ito H, Limura Y (1976) The absorption and translocation of cadmium in
rice plants and its influence on their growth, in comparison with
zinc[J]. Bull Hokuriku Natl Agric Exp Stn 19:71-139

Javed MT, Akram MS, Tanwir K, Chaudhary HJ, Ali Q, Lindberg ES
(2017) Cadmium spiked soil modulates root organic acids exudation
and ionic contents of two differentially Cd tolerant maize (Zea mays
L.) cultivars. Ecotoxicol Environ Saf 141:216-225

Khan S, Chao C, Waqas M, Arp HPH, Zhu YG (2013) Sewage sludge
biochar influence upon rice (oryza sativa L) yield, metal bioaccu-
mulation and greenhouse gas emissions from acidic paddy soil.
Environ Sci Technol 47:8624-8632

LiRY, Ago Y, Liu WJ, Mitani N, Feldmann J, McGrath SP, Ma JF, Zhao
FJ (2009) The rice aquaporin Lsil mediates uptake of methylated
arsenic species. Plant Physiol 150:2071-2080

Li G, Khan S, Ibrahim M, Sun TR, Tang JF, Cotner JB, Xu YY (2018)
Biochars induced modification of dissolved organic matter (DOM)
in soil and its impact on mobility and bioaccumulation of arsenic
and cadmium. J Hazard Mater 348:100—108

Liang F, LiY, Zhang G, Tan M, Lin J, Liu W, Li Y, Lu W (2010) Total and
speciated arsenic levels in rice from China. Food Addit Contam A
27(6):810-816. https://doi.org/10.1080/19440041003636661

Liu WJ, Zhu YG, Smith FA, Smith SE (2004) Do phosphorus nutrition
and iron plaque alter arsenate (As) uptake by rice seedlings in hy-
droponic culture? New Phytol 162:481-488

Maheshwari DK, Kumar S, Maheshwari NK, Patel D, Saraf M (2012)
Nutrient availability and management in the rhizosphere by micro-
organisms. In: Maheshwari D (ed) Bacteria in Agrobiology: Stress
Management. Springer, Berlin. https://doi.org/10.1007/978-3-642-
23465-1_15

Marin AR, Masscheleyn PH, Patrick WH (1993) Soil redox-pH stability
of arsenic species and its influence on arsenic uptake by rice. Plant
Soil 152:245-253

Masscheleyn PH, Delaune RD, Patrick WH (1991) Effect of redox po-
tential and pH on arsenic speciation and solubility in a contaminated
soil. Environ Sci Technol 25:1414-1419

Meharg AA, Norton G, Deacon C, Williams P, Adomako EE, Price A,
Zhu YG, Li G, Zhao FJ, McGrath S, Villada A, Sommella A, De
Silva PMCS, Brammer H, Dasgupta T, Islam MR (2013) Variation
in rice cadmium related to human exposure. Environ Sci Technol 47:
5613-5618

Mondal D, Polya DA (2008) Rice is a major exposure route for arsenic in
Chakdaha block, Nadia district, West Bengal, India: a probabilistic
risk assessment. Appl Geochem 23(11):2986-2997

Nath S, Panda P, Mishra S, Dey M, Choudhury S, Sahoo L, Panda SK
(2014) Arsenic stress in rice: redox consequences and regulation by
iron. Plant Physiol Biochem 80:203-210

@ Springer


https://doi.org/10.1080/19440041003636661
https://doi.org/10.1007/978-3-642-23465-1_15
https://doi.org/10.1007/978-3-642-23465-1_15

30856

Environ Sci Pollut Res (2019) 26:30847-30856

Raab A, Williams PN, Meharg A, Feldmann J (2007) Uptake and trans-
location of inorganic and methylated arsenic species by plants.
Environ Chem 4:197-203

Rahaman S, Sinha AC, Mukhopadhyay D (2011) Effect of water regimes
and organic matters on transport of arsenic in summer rice (Oryza
sativa L.). J Environ Sci 23(4):633-639

Schoof RA, Yost LJ, Eickhoft J, Crecelius EA, Cragin DW, Meacher
DM, Menzel DB (1999) A market basket survey of inorganic arsenic
in food. Food Chem Toxicol 37:839-846

Seyfferth AL, Fendorf S (2012) Silicate mineral impacts on the uptake
and storage of arsenic and plant nutrients in rice (Oryza sativa L.).
Environ Sci Technol 46:13176-13183

Sun L, Zheng M, Liu H, Peng S, Huang J, Cui K, Nie L (2014) Water
management practices affect arsenic and cadmium accumulation in
rice grains. Sci World J 596438, 6 pages:1-6. https://doi.org/10.
1155/2014/596438

Sun YB, Sun GH, Xu YM, Liu WT, Liang XF, Wang L (2016) Evaluation
of the effectiveness of sepiolite, bentonite, and phosphate amend-
ments on the stabilization remediation of cadmium-contaminated
soils. J Environ Manag 166:204-210

Takahashi Y, Minamikawa R, Hattori KH, Kurishima K, Kihou N, Yuita K
(2004) Arsenic behavior in paddy fields during the cycle of flooded
and non-flooded periods. Environ Sci Technol 38:1038-1044

Tsukahara T, Ezaki T, Moriguchi J, Furuki K, Shimbo S, Matsuda-
Inoguchi N, Tkeda M (2003) Rice as the most influential source of
cadmium intake among general Japanese population. Sci Total
Environ 305(1-3):41-51

Wagqas M, Khan S, Qing H, Reid BJ, Chao C (2014) The effects of sewage
sludge and sewage sludge biochar on PAHs and potentially toxic ele-
ment bioaccumulation in Cucumis sativa L. Chemosphere 105:53-61

Wiggenhauser M, Bigalke M, Imseng M, Keller A, Rehkdmper M,
Wilcke W, Frossard E (2019) Using isotopes to trace freshly applied

@ Springer

cadmium through mineral phosphorus fertilization in soil-fertilizer-
plant systems. Sci Total Environ 648:779-786

Williams PN, Islam MR, Adomako EE, Raab A, Hossain SA, Zhu YG,
Feldmann J, Meharg AA (2006) Increase in rice grain arsenic for
regions of Bangladesh irrigating paddies with elevated arsenic in
groundwaters. Environ Sci Technol 40:4903—4908

Xiao Q, Wong M, Huang L, Ye Z (2015) Effects of cultivars and water
management on cadmium accumulation in water spinach (lpomoea
aquatica Forsk.). Plant Soil 391(1-2):33-49

Xu XY, Mcgrath SP, Meharg AA, Zhao FJ (2008) Growing rice aerobi-
cally markedly decreases arsenic accumulation. Environ Sci Technol
42:5574-5579

Yamane T (1989) The mechanisms and countermeasures of arsenic tox-
icity to rice plant. Bull Shimane Agric Exp Station 24:1-95

Yao LX, Li GL, Dang Z, He ZH, Zhou CM, Yang BM (2009) Arsenic
uptake by two vegetables grown in two soils amended with As-
bearing animal manures. J Hazard Mater 164:904-910

Yin XL, Xu YM, Huang R, Huang QQ, Xie ZL, Cai YM, Liang XF
(2017) Remediation mechanisms for Cd-contaminated soil using
natural sepiolite at the field scale. Environ Sci Processes Impacts
19:1563-1570

Zhao FJ, Ma YB, Zhu YG, Tang Z, McGrath SP (2015) Soil contamina-
tion in China: current status and mitigation strategies. Environ Sci
Technol 49:750-759

Zhou T, Wu LH, Luo YM, Christiea P (2018) Effects of organic matter
fraction and compositional changes on distribution of cadmium and
zine in long-term polluted paddy soils. Environ Pollut 232:514-522

Publisher’'s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1155/2014/596438
https://doi.org/10.1155/2014/596438

	Effects of chicken manure application on cadmium and arsenic accumulation in rice grains under different water conditions
	Abstract
	Introduction
	Materials and methods
	Characteristics of chicken manure and soil
	Pot study setup
	Sample preparation and analysis
	Quality control
	Statistical analyses

	Results
	Effects of CM on grain yield under different water management treatments
	Soil pH, Eh, and the concentration of total dissolved Cd and As in soil solution
	Cd and As concentrations in shoots of rice plant during the growth period
	Total As and Cd concentrations and As speciation in rice grains

	Discussion
	References




