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Title: Effect of organic amendments on arsenic solubilization in soils during long-term flooded 

incubation 

Short title: Arsenic solubilization in flooded soils with organic amendments 

 

Abstract 

Rice consumption is considered an important arsenic source for the population in Asian countries. 

Previous studies showed increase in arsenic solubility in flooded soils and arsenic uptake by rice plants 

with the application of organic amendments, while contrasting results were also reported. Here, we 

comprehensively examined the effect of three types of organic amendments on arsenic solubility during 

long-term flooded soil incubation. The amendments examined were categorized into (i) plant-based 

composts, (ii) cattle manures, and (iii) fermented livestock (swine and poultry) droppings. The dissolved 

arsenic in all soils with fermented livestock dropping was significantly greater than that in control soils at 

10 and 39 days after incubation. The soils with two cattle manures also contained significantly greater 

amounts of dissolved arsenic than control soils at Day 39, while the rest of the amendments did not 

increase arsenic solubility. At Day 80, the amount of dissolved arsenic in all soils became comparable. 

Tukey’s test demonstrated that the relative ratio of dissolved arsenic in soils with fermented livestock 

droppings to control soils was significantly greater than those with the plant-based composts and cattle 

manures at Day 10 and 39. Furthermore, the solubilizing effect of some organic amendments was mostly 

explained by promotion of decrease in soil Eh, rather than increase in dissolved organic carbon. Thus, it 

could be concluded that fermented livestock droppings potentially have a greater risk for solubilizing As 

than plant-based composts and cattle manures, because of their greater ability for accelerating soil 

reduction, associated with their higher bio-decomposability. 
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1. Introduction 

Arsenic in soil environments predominantly exists as two inorganic species, namely arsenite [As(III)] and 

arsenate [As(V)]. Additionally, small amounts of monomethylarsonate and dimethylarsenate, which are 

methylated species, have also been found in soil extracts (Bissen and Frimmel 2000; Pongratz 1998). 

Arsenic(III) have greater toxicity than As(V), and the methylated As are much less toxic than inorganic 

ones (Jain and Ali 2000).  

It is well-known that As retention is highly associated with the amounts of iron (Fe) oxides (oxalate- 

and dithionite-extractable Fe) and amorphous aluminum minerals (oxalate-extractable Al) in soils 

(Livesey and Huang 1981; Jiang et al. 2005). Moreover, As(III) adsorbs onto soils more weakly than 

As(V) under most conditions (Manning and Goldberg 1997). Therefore, As easily solubilizes under 

water-flooded conditions like paddy soils, through the reductive dissolution of As-bearing Fe oxides and 



the redox-transformation of As(V) to soluble As(III) (Hindersmann and Mansfeldt, 2014; Weber et al. 

2010). Consequently, paddy rice accumulates much more As than upland crops (Williams et al. 2007), 

and rice would be a significant dietary source of As, especially of inorganic As, for the population in 

Asian countries (Mondal and Polya 2008; Oguri et al. 2014). In 2014, the Codex Alimentarius 

Commission determined the maximum permitted concentration for inorganic As in polished rice (0.2 mg 

kg−1). Therefore, the As concentration in rice grains should be more carefully controlled, even in fields 

that are not As-polluted. 

Organic amendments (OAs) have frequently been applied to paddy fields for improving soil 

physicochemical properties and/or supplying macro- and micro-nutrients for rice plants. Organic matter 

potentially insolubilizes As through several mechanisms, such as binding of As with phenolic OH, 

carboxylate, and sulfhydryl groups with/without ternary complex (cation bridging) (Thanagalasingam and 

Pickering 1986; Buschmann et al. 2006; Langner et al. 2011). Das et al. (2005) reported the decrease of 

sodium hydrogen carbonate-extractable As during submerged soil incubation with a well-decomposed 

farm yard manure and vermicompost. Rahaman et al. (2011) found that the application of OAs, and their 

combination, significantly decreased the As load of rice plants. On the other hand, organic matter induces 

chemical reduction of soil substances, competes for sorption sites with As, and forms soluble complexes 

with As (Xie et al. 1998; Grafe et al. 2001; Wang and Mulligan 2006). This combination results in a 

potential increase in As solubility and bio-availability. The application of OAs promotes As solubilization 

and As uptake by rice plants (Xie et al. 1998; Norton et al. 2013), although the timing of application 

(Honma et al. 2012) and its combination with water management (Ma et al. 2014), affects its impact. 

There are various types of OAs, and their effect on As dynamics and plant availability should be 

different depending on their properties. For example, the addition of a fermented poultry dropping 

significantly increased dissolved As while a composted bark did not, under the same conditions of 

flooded soil incubation (Suda et al. 2015). However, to the best of our knowledge, no research has been 

reported on a comprehensive examination of As solubilization in flooded soils with a focus on the 

properties of organic amendments (OAs).      

Therefore, three types of OAs, namely (i) plant-based composts (PBCs), (ii) cattle manures (CMs), 

and (iii) fermented livestock (swine and poultry) droppings (FLDs) was prepared based on their major 

raw materials. The main objective of the present study was to compare the ability of these types of OAs to 

change As solubility in soil during long-term flooded incubation. This work was performed in the 

Institute for Agro-Environmental Sciences, National Agriculture and Food Research Organization (May 

2015–March 2016). 

 

2. Materials and Methods 

2.1 Soil and organic amendments 

Surface paddy soil was collected in Japan in 2014 and passed through a 2-mm mesh sieve and then stored 



at 4 °C until use. Aliquots of the soil samples were air-dried and used for analysis of their 

physicochemical properties. The soil properties were reported by Suda et al. (2016). Briefly, the total 

carbon, total nitrogen, oxalate-extractable Fe, dithionite-citrate-extractable Fe, and hydrochloric acid (1 

mol L−1) -extractable As was 54.3 g kg−1, 3.99 g kg−1, 20.8 g kg−1, 34.1 g kg−1, and 7.42 mg kg−1, 

respectively. The soil was not polluted soil, as defined by the Agricultural Land-Soil Pollution Prevention 

Law in Japan.  

Selected information about the OAs used, is listed in Table 1. These OAs were commercially 

obtained except for amendment E (straw compost). They were milled and passed through 1-mm mesh 

sieves after their water content was reduced, if needed. However, they were not dried out to avoid the loss 

of volatile substances. Their ratios of carbon to nitrogen (C/N) were from 5.1 to 45.7, and the average of 

each type of OA increased in the order FLDs < CMs < PBCs. Arsenic content was low, in the range 0.50 

to 5.23 mg kg‒1.  

 

2.2. Soil incubation 

Soil incubation experiments were set up for soil solution sampling (Section 2.3) and Fe(II) extraction 

(Section 2.4) using the following procedure: Moist soil (10 g, oven-dried) and OA (0.05 g, oven-dried) 

were mixed with ultra-pure water to bring the total water volume to 30 mL in 50-mL glass vials. Similar 

vials without OA were also prepared. The glass vial was covered with a butyl rubber cap and then tightly 

sealed with an aluminum cap after N2 gas purging for 2 min. The capped vial was manually shaken well, 

and then it was incubated at 30 °C for a specific number of days. The vial was manually shaken every 

second or third day. The incubation carried out in triplicate. 

 

2.3. Soil solution sampling and analysis for dissolved arsenic, iron, and organic matter 

After incubation, each supernatant in the vial was sampled with a syringe connected to a needle 

(NN-2360C, Terumo Corporation, Tokyo, Japan) with a 0.2-µm filter (DG2M-330, Spectrum 

Laboratories, Inc., Rancho Dominguez, CA, USA). The sampling unit was preliminarily purged with N2 

gas. The collected filtrate (approximately 9 mL) was mixed with 1 mL of 1.6 mol L‒1 HNO3 to prevent Fe 

hydroxide precipitation, and then stored at 4 °C until analysis. The Eh and pH of the residual suspension 

were also measured, with a glass electrode and a platinum electrode, respectively, under N2 gas.  

The concentration of As and Fe in diluted soil solution was determined with inductively coupled 

plasma mass spectrometry (ICP-MS: Elan DRCe; Perkin Elmer, Waltham, MA, USA) and inductively 

coupled plasma optical emission spectrometry (ICP-OES: Agilent 700 Series; Agilent Technologies, Santa 

Clara, CA, USA), respectively. A high-performance liquid chromatography/ICP-MS (column: Discovery 

HS F5, 25 cm × 4.6 mm, 5-μm particles, Sigma-Aldrich, St. Louis, MO, USA; eluent composition 

[isocratic elution]: 1 g kg−1 formic acid, 30 g kg−1 methanol; flow rate: 1 mL min−1; spectrometer: Elan 

DRCe, Perkin Elmer) was used for As speciation. The speciation was analyzed within 48 h after solution 



sampling to avoid As(III) oxidation during storage.  

To measure the DOC in selected soil samples, the soil solution was collected using a syringe needle 

with a 1-µm glass filter (Advanced Microdevices Pvt., Ltd, Ambala Cantt, India) before the sampling for 

dissolved As and Fe analysis. The filtrate was immediately acidified to about pH 2 to avoid Fe hydroxide 

precipitation. Then, the mixture was purged with N2 gas to remove inorganic carbon, and stored at 4 °C 

until analysis. The DOC in the solution was determined using a total organic carbon analyzer (TOC-5000; 

Shimadzu, Kyoto, Japan) within 5 d after solution sampling. 

 

2.4. Extraction and measurement of ferrous iron in incubated soils 

The Fe(II) produced in selected soils was extracted with sodium acetate according to Kumada and Asami 

(1957), with some modification. Two hundred and twenty milliliters of sodium acetate solution (3 mol L‒1, 

pH 2.5) and incubated soil (with soil solution) in vial, was mixed in a 250-mL polyethylene bottle. The 

mixture was mechanically shaken for 2 h at room temperature. Aliquots of the mixture was collected in 

50-mL polyethylene centrifuge tubes, and then centrifuged for 5 min at 3500 r/min (1700 g). The obtained 

supernatant was passed through a 0.2-μm mesh membrane filter, and the filtrate was then diluted with 

ultra-pure water. Because almost all of the extracted Fe was Fe(II) (Kumada and Asami 1957), the total 

extracted Fe measured by ICP-OES (Agilent 700 Series; Agilent Technologies) was used as Fe(II). 

 

2.5. Data analysis 

The data obtained was statistically analyzed using R software (ver. 3.2.2) including EZR (ver. 1.31) on R 

commander (ver. 2.2-3). Correlation analyses among dissolved As and Fe, soil Eh and amendment C/N 

were carried out by Spearman’s rank correlation test because of their potential non-linear relationships. 

 

3. Results and Discussion 

3.1 Soils without organic amendments 

The pH of unamended soil rapidly increased to approximately 6.7, while soil Eh rapidly decreased to ‒20 

mV with time, and become stable (Fig. 1). The amounts of dissolved As, Fe, and Fe(II) in the flooded 

soils increased with time, and reached a plateau of approximately 1.6 mg kg‒1, 0.8 g kg‒1 and 16 g kg‒1, 

respectively (Fig. 2a and b). The calculated amounts of remaining Fe oxides in the soil decreased from 

34.1 to 18.2 gFe kg‒1, corresponding to the increase of Fe(II) (Fig. 2b). 

It is well-known that low soil-redox potential (low Eh) promotes As solubilization from soils (Marin 

et al. 1993; Hindersmann and Mansfeldt, 2014). Because Fe oxides bind most of the As in soils (Hall et al. 

1996; Cancès et al., 2008), the reductive dissolution of these oxides potentially solubilizes substantial 

amounts of As. Easily-reducible Fe oxides are expected to retain As more than hardly-reducible Fe oxides 

do, because of their potentially greater specific surface area. Therefore, the ratio of dissolved As to 

produced Fe(II) (As/Fe(II)) was expected to decrease with time; however, As/Fe(II) conversely increased 



with time (Fig. 3).  

Islam et al. (2004) demonstrated that microbial Fe(III) reduction takes place prior to As(V) reduction 

in sediment, rather than simultaneously. Arsenic(III), the product resulting from As(V) reduction, has a 

smaller sorption distribution coefficient between solid to solution than As(V) in soils (Takahashi et al. 

2003). On the basis of these facts and the suggestion by Burnol et al. (2007), who examined mechanisms 

for decoupling of As and Fe release from As-doped ferrihydrite by Fe-reducing bacteria, the increase in 

As/Fe(II) indicates the presence of the following As solubilizing mechanisms. Early on, released As(V) 

from reductively dissolved Fe oxides was not reduced but resorbed onto the remaining solid phase, 

resulting in the limited increase of dissolved As. When Eh decreased enough to favor reduced As(V), As 

would be released from dissolving Fe oxides with less resorption, and the reduction of the originally 

sorbed and resorbed As(V) on solid phase would accelerate As solubilization as As(III). Furthermore, the 

decrease in free Fe oxides that are the dominant As sorbent even under reducing conditions (Mitsunobu et 

al. 2006) (Fig. 2b), would result in increasing As distribution ratio to solution phase. Therefore, it would 

appear that the release of As from reductively dissolved Fe oxides was just one of the As solubilizing 

processes. Probably the change of the As distribution ratio between solution and solid phase, which was 

affected by factors like As speciation, was the critical determinant for As solubility in the flooded soil. 

 

3.2 Soils with organic amendments 

The amounts of dissolved As in soils with OAs and control soils at 10, 39, and 80 days of incubation were 

listed in Table 2. The dissolved As increased up to Day 80 and reached from 1.5 to 1.6 mg kg‒1 in all soils. 

The addition of all FLDs and two CMs significantly increased dissolved As, although the effect 

disappeared before Day 80. The average ratio of dissolved As in soils with OAs to control soils increased 

in the order: PCBs < CMs << FLDs in the case of Day 10 and 39. The value for FLDs was significantly 

higher than for the others (Tukey’s test, P < 0.05) (Fig. 4). These facts strongly indicate that FLDs 

potentially pose a greater potential risk for As solubilization in flooded soils than PBCs and CMs. 

Figure 5 shows the relationship between dissolved As and soil Eh with/without OAs. As expected, 

the dissolved arsenic increased with decreasing soil Eh regardless of the addition of OAs. Noteworthy is 

that the addition of OAs did not substantially change the relationship between dissolved As and soil Eh. 

This means that the increase of dissolved As by the addition of OAs could be mostly explained by the 

acceleration of soil reduction. Thus, reactions irrelevant to redox-reaction in soils, such as increase in 

DOC, could not be a major cause for the As solubilization associated with the addition of OAs. Other data 

also supports this consideration. The soils with amendments J (FLD) and L (FLD) contained significantly 

greater amounts of DOC (24 and 29%, respectively) than the control soils did, even at Day 80 (Table 3), 

while no increase in dissolved As at Day 80 was observed (Table 2). The As solubilizing effect of DOC 

(Grafe et al. 2001; Bauer and Blodau 2006) and other potential competing ions such as carbonate species 

(Brechbühl et al. 2002; Violante and Pigna; 2002; Waltham and Eick 2002), were probably masked by the 



greater contribution of the decrease in soil Eh. Therefore, the decrease in soil Eh was mainly responsible 

for the increase in dissolved As with the application of FLDs and two CMs. 

Because microbial activities promote soil reduction, the bio-decomposability of the added OAs 

would control soil Eh. Soil Eh controlled As solubility in soils, as mentioned above; therefore 

bio-decomposability of the OAs should be the most important consideration for As risk management 

associated with OAs applications. The carbon/nitrogen ratio of organic matter generally relates to their 

bio-decomposability; organic matter with lower C/N is decomposed easier than that with higher C/N 

(Huang et al. 2004). As expected, amendment C/N and soil Eh were significantly and positively 

correlated at Day 10 and 39 (Spearman’s rank test, Table 4). Conversely, the dissolved As was negatively 

correlated with amendment C/N, reflecting a negative relationship between dissolved As and soil Eh 

(Table 4). This fact is consistent with a model study by Solaiman et al. (2009), who demonstrated that As 

solubilization from As-doped Fe oxyhydroxide-coated sand was tightly regulated by C/N of added OA. 

Thus, amendment C/N is potentially useful for comparing relative risk of OAs for accelerating As 

solubilization in flooded soils. 

The relationships among dissolved Fe, soil Eh, and amendment C/N showed similar trends (Table 4). 

The addition of OAs with low C/N decreased soil Eh and consequently promoted the reductive 

dissolution of Fe oxides. The rank correlation coefficients between dissolved As and Fe were remarkably 

high (rs = 0.989, P < 0.001 for Day 10 and rs = 0.993, P < 0.001 for Day 39). However, considering the 

discussion in Section 3.1, As released from reductively dissolved Fe oxides should not directly and 

dominantly contribute to the increase in dissolved As without As(V) reduction. The strong rank 

correlation should only be interpreted to mean that the soil conditions favorable for Fe(III) reduction were 

also favorable for As solubilization. 

Arsenic speciation in the soil solution was shown in Table 5. The percentage of As(V) to total As 

was decreased in the order: control = A (PBC) > F (CM) >> J and L (FLD) (< 2% of total As) at Day 10 

(Table 5). This order was similar to that for soil Eh: control = A (PBC) > F (CM) >> J (FLD) > L (FLD). 

Thus, the addition of some OAs evidently accelerated As(V) reduction in soil solution by inducing 

chemical reduction in the soil. Although As(V) in all measured soil solutions was marginally diminished 

(< 2%), even at Day 39, a substantial amount of As(V) likely remained in solid phase judging from 

previous studies (Weber et al. 2010; Yamaguchi et al. 2011). This is because the microbial reduction of 

As(V) in solution phase is much faster than that in solid phase (Jones et al. 2000). Therefore, the 

acceleration of As solubilization through As(V) reduction associated with the addition of OAs, probably 

continued even after Day 39. 

 

3.3 Implication and further studies 

Dissolved As generally has been considered an indicator for As availability, although some 

researchers pointed out that it is not a good predictor for As uptake by rice (Williams et al. 2011; Norton 



et al. 2013). The addition of OAs potentially increases (Xie et al. 1998; Suda et al. 2015) and decreases 

(Das et al. 2005) dissolved As through a variety of mechanisms (see Introduction). The present study 

showed different effects of three types of OAs on As solubility. Fermented livestock (swine and poultry) 

droppings posed a significantly higher risk for As solubilization, while PBC and most CMs did not. 

The OAs used here are well-decomposed or well-fermented amendments. Therefore, a significant 

strong negative rank correlation between amendment C/N and soil Eh was observed, indicating that C/N 

worked well as an indicator for bio-decomposability of amendments. However, amendment C/N would 

not imply the decomposability of immature OAs, which have very high C/N but contain a great amount of 

easily-decomposable organic matter. For example, Ma et al. (2014) showed that straw incorporation 

significantly increased As in rice grains grown on continuously flooded soils. Although they did not show 

the straw C/N and dissolved As, amendment C/N obviously cannot predict the increase in As risk for rice 

when immature amendments are used. Therefore, better indicators that could be applied to various types 

of OAs should be established in further studies.  

Because As solubilization with OAs could mostly be explained by the decrease in soil Eh, probably 

increasing As risk for rice could be prevented by application with the proper timing. In the present study, 

the averaged relative ratio of dissolved As in soils with FLDs decreased with time, indicating that the As 

risk of FLDs decreased with time. Generally, waiting a long time from the application of OAs to 

waterlogging would be useful for decreasing decomposable organic matter. This would alleviate a 

decrease in soil Eh and subsequent increase in As solubilization. Honma et al. (2012) demonstrated that 

As in the rice grains increased with application of molasses at heading or one week after heading, while it 

did not change after early application (one week before heading). Water management might be also 

important to attenuate As risk associated with application of OAs. Ma et al. (2014) showed that an 

increase in grain As with straw incorporation combined with intermittent flooding was much less than 

those with continuous flooding. Thus, although the application of some OAs, especially FLDs, pose a 

higher risk for As solubilization, probably overall risk of As accumulation could be prevented by proper 

agricultural management.   

 

4. Conclusions 

Dissolved arsenic and produced iron(II) in unamended soils increased with incubation time through the 

reduction of arsenic(V) and arsenic-bearing iron oxides, but they were not coupled. The addition of 

fermented livestock droppings has much greater potential to increase the risk for arsenic solubilization 

than plant-based composts and cattle manures. The solubilization of arsenic with the application of 

organic amendments could mostly be explained by their effect in promoting chemical reduction in the soil. 

This fact indicates that arsenic solubilization is favored when fermented livestock droppings are used, due 

to their high bio-decomposability.   
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Figure captions 

 

Fig. 1 

Time-course changes of soil pH and Eh during flooded incubation without organic amendment. Error 

bars indicate means ± standard deviation (n = 3) 

 

Fig. 2 

Time-course changes during incubation of flooded soil (a) of dissolved arsenic (As) and iron (Fe), 

and (b) Fe(II) and remaining Fe oxides, without organic amendments. Error bars indicate means ± 

standard deviation (n = 3) 

 

Fig. 3 

Time-course changes during incubation of flood soil of the ratio of dissolved arsenic to iron(II) 

(As/Fe(II)) without organic amendments 

 

Fig. 4 

Average relative ratios of dissolved arsenic (As) in soils with each type of organic amendments and 

in control soils. The broken line indicates the ratio = 1. PBC, CM, and FLD indicates plant-based 

compost, cattle manure, and fermented livestock dropping, respectively. Error bars indicate means ± 

standard deviation. Different letters on the same day denote significant difference at P = 0.05 

(Tukey’s test) 

 

Fig. 5 

Relationship between dissolved arsenic (As) and soil Eh with or without organic amendments (OAs) 

(n = 3): Black circular spots denote control soils on Day 10, 20, 31, 39, 60, 80, 100, and 141 from 

right to left. White, light gray and dark gray symbols indicate soils with plant-based composts, cattle 

manures and fermented livestock droppings, respectively. Rhomboid, triangular, and square symbols 

denote soils with OAs at Days 10, 39, and 80 

 

 

 

 



Table 1 

 

 

Table 1 Fundamental information on organic amendments used 

Amendment 
Main raw  

material 
Additives 

As C N 
C/N 

(mg kg‒1) (g kg‒1) 

Plant-based 

compost 

(PBC) 

A Bark ‒ 4.18 343 16.0 21.4 

B Bark ‒ 2.05 444 14.0 31.8 

C Cut branch Cattle dropping 2.94 311 18.5 16.8 

D Wood chip Horse dropping 1.37 471 10.3 45.7 

E Straw ‒ 4.03 228 18.7 12.2 

Average 2.92 359 15.5 25.6 

Cattle 

manure 

(CM) 

F Cattle dropping Sawdust 0.50 433 25.3 17.1 

G Cattle dropping Sawdust 0.69 385 32.8 11.7 

H Cattle dropping Sawdust 3.41 329 20.1 16.4 

I Cattle dropping Sawdust 0.95 430 22.0 19.5 

Average 1.39 395 25.1 16.2 

Fermented 

livestock 

dropping 

(FLD) 

J Swine dropping ‒ 0.24 364 50.8 7.2 

K Swine dropping ‒ 5.23 323 44.7 7.2 

L Poultry dropping ‒ 1.00 305 48.5 6.3 

M Poultry dropping ‒ 1.40 299 41.7 7.2 

N Poultry dropping ‒ 1.04 267 52.5 5.1 

O Poultry dropping ‒ 1.02 280 41.7 6.7 

Average 1.65 306 46.7 6.6 

As: pseudo-total arsenic determined by digestion with aqua regia and perchloric acid; C and N: total 

carbon and nitrogen, respectively, determined by a dry combustion method; C/N: the ratio of total 

carbon to nitrogen 

 

 

 

 

 

 

 

 

 



Table 2 

 

 

Table 2 Amounts of dissolved arsenic (As) in soils with or without organic amendments 

Amendment 
Dissolved As (mg kg‒1) a 

Day 10 Day 39 Day 80 

Control 0.037 ± 0.006 0.45 ± 0.03 1.57 ± 0.01 

Plant-based 

compost 

(PBC) 

A 0.039 ± 0.017 0.48 ± 0.11 1.57 ± 0.02 

B 0.039 ± 0.013 0.42 ± 0.01 1.56 ± 0.02 

C 0.053 ± 0.018 0.39 ± 0.01 1.54 ± 0.04 

D 0.027 ± 0.004 0.39 ± 0.04 1.53 ± 0.04 

E 0.030 ± 0.006 0.40 ± 0.03 1.54 ± 0.00 

Average 0.038 ± 0.010 0.42 ± 0.04 1.55 ± 0.01 

Cattle manure 

(CM) 

F 0.055 ± 0.016 0.58 ± 0.07* 1.58 ± 0.02 

G 0.059 ± 0.006 0.73 ± 0.02*** 1.55 ± 0.02 

H 0.038 ± 0.015 0.44 ± 0.09 1.56 ± 0.02 

I 0.059 ± 0.034 0.43 ± 0.10 1.55 ± 0.04 

Average 0.053 ± 0.010 0.55 ± 0.14 1.56 ± 0.02 

Fermented 

livestock 

dropping 

(FLD) 

J 0.146 ± 0.023*** 1.09 ± 0.00*** 1.60 ± 0.01 

K 0.096 ± 0.002** 0.90 ± 0.04*** 1.48 ± 0.02 

L 0.295 ± 0.026*** 1.32 ± 0.01*** 1.48 ± 0.02*** 

M 0.265 ± 0.040*** 1.29 ± 0.02*** 1.49 ± 0.01** 

N 0.267 ± 0.023*** 1.27 ± 0.02*** 1.49 ± 0.00** 

O 0.258 ± 0.023*** 1.27 ± 0.01*** 1.49 ± 0.03** 

Average 0.221 ± 0.080 1.19 ± 0.16*** 1.51 ± 0.04 
a Asterisks denote a significant difference between the control soil and soil with organic amendment; 

significance levels are 5% (*), 1% (**), and 0.1% (***). 

 

 

 

 

 

 

 

 

 



Table 3 

 

 

Table 3 Amounts of dissolved organic carbon (DOC) in soils with or without organic amendments 

Amendment a Day 11 Day 39 Day 80 

DOC (mg kg‒1) 

Control 84 ± 1 a 163 ± 9 a 170 ± 9 a 

A (PBC) 93 ± 3 a 174 ± 3 a 196 ± 14 ab 

F (CM) 113 ± 10 b 191 ± 5 ab 203 ± 10 b 

J (FLD) 214 ± 7 c 229 ± 20 bc 211 ± 4 b 

L (FLD) 248 ± 11 d 224 ± 16 c 220 ± 13 b 
a PBC: plant-based compost, CM: cattle manure, FLD: fermented livestock dropping 

Different letters in the same column denote significant difference at P = 0.05 (Tukey’s test) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 4 

 

 

Table 4 Spearman’s rank correlation coefficients between several parameters at Day 10 (above the 

line) and 39 (below the line). 

Parameter Dissolved As Dissolved Fe Soil Eh Amendment C/N 

Dissolved As  0.989*** ‒0.925*** ‒0.821*** 

Dissolved Fe 0.993***  ‒0.932*** ‒0.800*** 

Soil Eh ‒0.821*** ‒0.807***  0.854*** 

Amendment C/N ‒0.818*** ‒0.800*** 0.821***  

As: arsenic, Fe: iron, C/N: the ratio of carbon to nitrogen 
a Asterisks denote a significant difference between the control soil and soil with organic amendment; 

the significance levels are 5% (*), 1% (**), and 0.1% (***). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 5 

 

 

Table 5 Percentage of pentavalent arsenic (As(V)) and soil Eh with or without organic amendments 

Different letters in the same column denote significant difference at P = 0.05 (Tukey’s test) 
a PBC, plant-based compost; CM, cattle manure; FLD, fermented livestock dropping 
b Percentage of As(V) to total As in soil solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amendmenta Day 11 Day 39 Day 80 

As(V) % b  

Control 9.09 ± 1.77 a < 2 n.a. 

A (PBC) 8.50 ± 3.95 a < 2 n.a. 

F (CM) 2.46 ± 1.95 b < 2 n.a. 

J (FLD) < 2 < 2 n.a. 

L (FLD) < 2 < 2 n.a. 

Soil Eh (mV) 

Control 249 ± 4 a 13 ± 4 a ‒23 ± 2 a 

A (PBC) 245 ± 3 a 9 ± 3 ab ‒26 ± 5 a  

F (CM) 220 ± 6 b ‒2 ± 5 b ‒24 ± 4 a 

J (FLD) 127 ± 2 c ‒16 ± 8 c ‒21 ± 6 a 

L (FLD) 50 ± 4 d ‒21 ± 4 c ‒19 ± 3 a 
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Figure 2 
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Figure 4 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 5 

 

 

 

 

 


