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Introduction

Abstract

Animal husbandry flourishes in Yunlin County, Taiwan. Livestock
wastewater has been commonly used as a fertilizer for decades. Such
wastewater usually contains large amounts of Cu and Zn; however,
over-irrigation deteriorates farmland and pollutes groundwater.
Lunbei (ranches), Shuilin (pig farms), and Huwei (pig farms) town-
ships were selected in the county for this study. To determine the
accumulation of Cu and Zn in soils after irrigation, the single-factor
pollution index (P,) and Nemerow pollution index (P, ) were used to
evaluate the pollution level and metal hazard at several monitoring
sites within the irrigation group over four years. Furthermore, the
data were used to identify sites with a high pollution potential. Spe-
ciation investigations of Cu and Zn were conducted to analyze their
potential environmental threats. All P, levels were below 1.0, indi-
cating that all the monitoring points were non-polluting. Although
the calculated P levels increased annually, the P levels obtained in
the third year were all lower than the safety threshold of 0.7. After
irrigation, most of the available Cu and Zn in the soil were bound to
organic matter and Fe-Mn oxyhydroxide, possibly posing environ-
mental risks. Cu had a higher threat potential than Zn. The potential
threat caused by irrigation with cow manure urine was more than
that caused by irrigation with pig manure urine.

Keywords: Copper; Livestock wastewater; Nemerow index; Zinc
Capsule

The Nemerow pollution index is useful for monitoring the
accumulation of toxic metals in soil.

Animal husbandry is an important agricultural activity in Tai-
wan, accounting for 32% of the entire agricultural production
as reported in the Annual Report of the Council of Agriculture,
Executive Yuan (Taiwan). However, considerable amounts of
wastewater are produced daily in animal husbandry. In earlier
years, they were discharged into rivers or ditches without treat-
ment, causing severe environmental pollution [1]. Livestock
wastewater is rich in nutrients and organic matter, including
nitrogen, phosphorus, and potassium. In addition, wastewater
utilized as a fertilizer increases soil fertility and therefore low-
ers the use of chemical fertilizers, as well as achieves waste re-
source recovery.

In recent years, authorities in Taiwan’s agricultural affairs
have implemented a livestock wastewater reuse policy. In
2009, the Council of Agriculture cooperated with researchers
to conduct a test program for livestock wastewater reuse to
encourage resource recovery from livestock wastewater [2].
Livestock and cropland farmers were invited to participate in
forums and observation tours to understand the policy. The En-

vironmental Protection Administration has also subsidized lo-
cal governments to buy vehicles, irrigation tools, and storage
tanks to encourage farmers to irrigate their croplands with live-
stock wastewater. However, Cu and Zn are commonly added to
livestock feed as growth regulators to reduce growth time and
prevent diseases [3]. Only 10-20% of Cu or Zn can be absorbed
into the livestock body, but the residual Cu and Zn are excreted
through manure and finally transferred to the livestock waste-
water [4,5]. When considerable amounts of Cu and Zn are con-
tinuously brought into farmland through irrigation, accumula-
tion occurs, encouraging their over-uptake. Eventually, metals
are transferred to the human body through the food chain, pos-
ing health risks [6,7]. Heavy metals are considered persistent
environmental pollutants. Organisms are difficult to degrade
and thus have longer biological half-lives. A test result of Broad-
balk agriculture from Rothamsted Research showed that the Cu
and Zn concentrations in soil increased by approximately 60%
after composting over 160 years [8]. Therefore, the long-term
monitoring of irrigated croplands is necessary.
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The Nemerow pollution index (P,), which helps determine
heavy metals posing the greatest risk to a single environment,
has been used to assess the effect of heavy metals on contami-
nated rivers or the effect of groundwater on plant growth in
paddy soils [9]. An area with a high P level indicates the area is
severely polluted and requires increased attention [10,11]. Risk
assessment of cropland to heavy metals allows us to determine
the degree of pollution, which is classified as a high-, middle-,
or low-risk indicator. This is also used to evaluate the extent to
which cropland is used for agriculture if Cu and Zn consistently
accumulate in the soil [12]. The single-factor (PI) and the Nem-
erow (P, ) pollution indices are typical environmental indicators
[13]. PI calculates the pollution level of each metal in the soil,
and P the comprehensive pollution impact of heavy metals
[14]. They have been used to evaluate the potential of heavy
metals in farms in Taiwan [15], to calculate the distribution of
metalliferous sediments on the surface of the Yellow River in
China [16], and to estimate the pollution of soil near steel mills
inIran [17].

This study aimed to use the Nemerow pollution index to (1)
examine the accumulation of Cu and Zn in croplands after irri-
gation using livestock wastewater, (2) obtain evaluation data by
calculating the Cu and Zn concentrations through indicators, (3)
grade the soil using the monitoring point, and (4) identify the
form of Cu and Zn in the irrigated croplands. These data were
summarized, and the potential environmental threats through
long-term irrigation were evaluated.

Methodology
Survey and Sampling Areas

Yunlin County is among the top three animal producers in
Taiwan. Based on a report from the Council of Agriculture in
2020, the Yunlin area produces 28.4% of pigs in Taiwan. There-
fore, Yunlin was selected as the survey area in this study. Three
townships in this county, namely, Lunbei (ranches), Shuilin (pig
farms), and Huwei (pig farms) were identified as major sampling
areas (Figure 1). The document defines “irrigation” as using live-

Animal farm : cattle farm
‘monitoring point : 8 point

Animal farm : Pig farm
s monitoring point © 3 point

Yunlin

Animal farm : Pig farm
‘monitoring point : 2 point

mes -~

Figure 1: Soil sampling areas of this study.

Table 1: Survey areas and monitoring period.

stock wastewater as fertilizer in specific croplands. Irrigation in
the Shuilin and Huwei areas involved pouring wastewater from
a tank car and flooding the cropland, whereas in the Lunbei
area, a tank car was coupled with furrow irrigation. Sampling
was conducted during the dry season (March and May) and the
rainy season (July and September) because the elemental con-
tents of soil are easily affected by moisture. Table 1 shows the
farm type, type of irrigation wastewater, number of monitor-
ing points, and monitoring period for the experimental areas.
The term “spare monitoring point” was defined as an irrigated
monitoring point without livestock wastewater. Solid-liquid-
separated raw water containing solid manure was used to ir-
rigate the Lunbei area. Anaerobic swine wastewater that under-
went a two-stage treatment without solid manure was applied
to the Shuilin area. Aerobic swine wastewater that underwent a
three-stage treatment and contained solid manure was used to
irrigate the Huwei area.

Soil Sampling and Analysis

Irrigation wells are commonly established in croplands in
Yulin County, Taiwan. Considerable groundwater is extracted
from irrigation wells for paddy rice growth during the dry sea-
son. Three sampling sites were established in the croplands at
each monitoring point. They were individually aligned 3, 6, and
9 m from the irrigation inlet. An auger was used to collect an
adequate amount of topsoil (0—15 cm) and subsoil (15—-30 cm)
from each site. However, avoiding collecting soil mixed with
fertilizer and manure during sampling is necessary. Triplicate
sampling was performed for each site but the soil samples were
mixed thoroughly. After air-drying, the soil samples were bro-
ken, ground, and passed through 2- and 10-mm sieves. The pre-
treated samples were stored in plastic cans at room tempera-
ture. Livestock wastewater and groundwater extracted from
the irrigation wells were also collected for analysis. After collec-
tion, the water sampling bottles were sealed and preserved in
cooling equipment.

The soil pH was measured at a 1:1 soil-water ratio (w/v) us-
ing a pH meter (Sartorius PB-10, Germany). Electrical Conduc-
tivity (EC) was measured at a 1:5 soil-water ratio (w/v) using an
electrical conductivity meter (SUNTEX SC 2300, Taiwan). The Cu
and Zn concentrations were analyzed using inductively coupled
plasma with an atomic emission spectrometer (iCAP 6300, USA)
after digestion in an aqua regia solution (1:3 conc. HNO,:conc.
HCI (v/v)). The Total Organic Carbon (TOC) content was deter-
mined using the combustion-infrared absorption method [18].
Total nitrogen was determined using the Kjeldahl method. The
carbon-nitrogen ratio was calculated from the results of the to-
tal organic carbon and total nitrogen analyses. The pH and EC of
the water samples were measured using a pH meter and electri-
cal conductivity meter, respectively. The Cu and Zn concentra-
tions in the water samples were determined using microwave-
assisted acid degradation treatment. The ammonia nitrogen
(NH,-N) contents of the water samples were determined using
the phenate method [19]. The sequential extraction study used
the method proposed by Tessier et al. [20], which was used to
ascertain the speciation of Cu and Zn in different soil fractions
after long-term irrigation with livestock wastewater. All chemi-
cals used in this study were reagent grade and all experiments
were conducted in triplicate.

Area | Farmtype  Type of irrigation waste water = Number of monitoring points | Monitoring period | Spare monitoring point = Monitoring period
Lunbei | cattle farms | solid-liquid separated raw water 8 2018-2019 none none
Shuilin | pig farms | anaerobic swine wastewater 2 2016-2019 1 2017-2019
Huwei | pig farms aerobic swine wastewater 3 2016-2019 1 2017-2019

Submit your Manuscript | www.austinpublishinggroup.com

Austin J Environ Toxico 10(1): id1046 (2024) - Page - 02



Austin Publishing Group

Nemerow Pollution lindex

The Nemerow pollution index (P,) has been used to evalu-
ate the combined effects of heavy metals in soil [8,21,22]. The
P, calculates the average of the evaluated heavy metals and
weighs the most polluted metal items; it also dominates the
variation in every polluted item. The single-factor pollution in-
dex (Pl), which calculates pollutant standards for every heavy
metal, provides a simple and fast evaluation of single pollutants
in the soil to recognize individual items that cause the highest
pollution in soil [13,22]. Pl and P, were calculated using the fol-
low [

A= |3 (éz PIi) + (Plye)?
d_ i=1

PI: single factor pollution index

C: measured concentration of pollutant i

C,: the value of evaluation standards of pollutant i

P,: Nemerow pollution index

n: pollutant items on the evaluation

P1: pollution index of the pollutant i

PI__:pollutant items that have the highest pollution index

This study used the Nemerow pollution index to evaluate the
annual effects of Cu and Zn on croplands irrigated with livestock
wastewater. The irrigation curb standard was defined as 85%
of soil pollution monitoring standards. Thus, 102 ppm (Cu) and
221 ppm (Zn) were used as evaluation standard values for the
calculation. The annual PI, P, and mean concentrations of Cu
and Zn were calculated according to the process shown in Fig-
ure 2.

Nemerow Pollution Index

v 3 v

Lunbei Shuilin Huwei
8 monitoring points 2 monitoring points 3 monitoring points
2018-2019 2016-2019 2016-2019

Y

Calculation of averages of Cu and Zn contents each year

v

Calculation of Py for Cu and Zn each year

v

To yield the Py each year

Figure 2: Process of calculation for Pl and PN.

Table 2: Evaluation standard for single factor pollution index and
Nemerow pollution index.

Evaluation level Single factor PI Evaluation level = Nemerow P
No pollution pI= 1.0 Safe level P,=0.7
Slight pollution 1.0< Fl=20 Alert level 0.7<P,=1.0
Mild pollution 2.0< Pl=30 Mild pollution 1.0<P 2.0
Medium pollution 3 o= Fl =50 Medium pollution 2.0<P =3.0
High pollution 5.0<P| Heavy pollution 3.0<P,

Data sources: (Fei et al., 2019) and; Wang et al., 2019)

The evaluation standards for the pollution index (Pl) and the
Nemerow pollution index (P, ) are presented in Table 2. The Pl is
graded to five levels from no pollution PI<1.0 to high pollution
PI>5.0, whereas the P is also graded to five levels from the safe
level (P, =0.7) to serious contamination (P >3.0).

Results and Discussion

Fundamental Properties of Livestock Wastewater and Solid
Manure

Table 3 shows the basic properties and characteristics of used
livestock wastewater. Variations were significant in the pH levels
of all wastewaters (3.1-6.7%). The average pH level of wastewa-
ter irrigated in Huwei was significantly higher than others. This
was attributed to the aerobic wastewater treatment process.
Alkali liquor is commonly added to similar wastewater because
the nitrification consumes alkali during the treatment, leading
to water maintenance at pH 8.0 to 8.6 [25]. Annual EC aver-
ages from every stock farm ranged from 2,687 to 5,637 uS cm™.
Moreover, the annual Cu averages ranged from 0.11 to 2.80 mg
L' and the annual Zn averages ranged from 0.59 to 13.5 mg L%,
indicating that properties among the swine wastewater varied
significantly. Pig consumes more protein, adipose, and carbohy-
drate than cattle. When the pig excretes these substances, they
gradually decompose to macromolecules by microorganisms
or hydrolyze to dissolve salt ions. This leads to EC increasing in
the manure. Cu and Zn are commonly added into the feed to
make the pigs grow faster during their growth period, which
also causes the swine wastewaters to have a high variability
related to their contents. In Japan, Zn dosage in feed is recom-
mended between 60 and 100 mg kg* when the piglets weigh
1 to 35 kg. Adequate Cu and Zn intakes are required for dairy
cattle to maintain their health and high milk yield. The Cu and
Zn demand for dairy cattle are 10 and 40 mg kg™, respectively,
in the feed. Evidently, the Cu and Zn contents in untreated pig
solid manure were approximately six times higher than those of
cattle (Table 4) [26,27]. As shown in Table 3, annual averages of
NH,-N and TOC in the livestock wastewaters also appear to have
notable differences, with their coefficients of variation ranging
from 49% to 97%. This was attributed to different management
and treatments among the stock farms. The nitrogen removal
process in the oxic tank caused a large change in NH_-N content
in Huwei soil. The annual TOC average in Lunbe soil, 736 mg L?,
was much higher than that of the others, with the coefficients
of variation ranging from 11% to 56%. It was speculated that
the cattle consumed staple food, Pennisetum, to obtain plenty
of organic carbon, resulting in higher TOC content in raw water
than in the swine water.

Cu and Zn in Soils

The average Cu and Zn concentrations in the soils of the
three farms are presented in Table 5. The irrigated soils’ aver-
age Cu concentrations ranged from 20.5 to 25.4 mg kg?, and the
average Zn concentration ranged from 138 to 148 mg kg™. In
contrast, for the soil without irrigation (control group), average
Cu concentrations ranged from 7.90 to 22.5 mg kg, and aver-
age Zn concentrations ranged from 70.5 to 95.2 mg kg*. The
results indicated that the Cu and Zn concentrations in the ir-
rigated soils were always far lower than the irrigation curb stan-
dard. The soils in the Huwei area had higher original Cu content
than those in the other areas. Moreover, the Cu content had
higher variability than the Zn content because soil particles can-
not quickly adsorb or release Zn?* ions [28]. Zn?* ions have a full
electron configuration, [Ar] 3d*4s% thus, they have a weaker
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Table 3: The properties of livestock wastewaters from different areas.

————— Monitoring item of livestock wastewater ————
Area Stock farm Applied livestock wastewater
pH EC Cu Zn ‘ NH_-N ‘ TOC*
usem* | ——————— mgLt———————
. o 7.3+0.2 | 2687+463 | 0.30+0.17 | 1.32+0.63 = 117+57 7361254
Lunbei Cattle farms Solid-liquid separated raw water
(3.1%) (17%) (57%) (48%) (49%) (35%)
. . X X Annual 7.1+0.5 | 4519+1468 | 2.80+4.51 | 13.5+14.6 | 393186 73.4+8.03
Shuilin Pig farms Anaerobic swine wastewater
average?® (6.7%) (32%) (162%) (109%) (48%) (11%)
) ) ) ) 8.2+0.4  5637+2940 @ 0.11+0.13  0.59+1.24 422+411 | 68.8+38.8
Huwei Pig farms Aerobic swine wastewater
(4.4%) (52%) (126%) (209%) (97%) (56%)

(%) presents coefficient of variation, obtained from that standard deviation divided by mean value and multiplied by one hundred.
a: annual average was the mean of monitoring levels in each area, Lunbei 2018-2019 (n=8). Shuilin and Huwei 2016-2019 (n=16)
b: Total organic carbon; only three samples were tested from May, 2019 to September, 2019 (n=3).

Table 4: The properties of solid manure from different areas.

Testing items of the manure
Area Stock farm
EC Cu Zn
uS cm' ————mgkg'————
Lunbei Cattle farms 1196 16.0 161
Huwei Pig farms 4970 92.3 918

Table 5: Cu and Zn concentrations in investigated croplands.

Monitoring item of the soil

Area
Cu Zn
________ mgkglm————————
Lunbei 20.5+4.27 (21%) 138+18.3 (13%)
Shuilin 25.0%5.06 (20%) 148+22.7 (15%)

7.90+1.91 (24%)
25.4+4.14 (16%) 142+16.4 (12%)

Control group of Huwei 22.5+3.37 (15%) 95.2+11.2 (12%)
(%) presents coefficient of variation, obtained from that standard deviation
divided by mean value and multiplied by one hundred
Annual average is the mean of monitoring levels in each area: Lunbei
2018-2019 (n=8), Shuilin and Huwei 2016-2019 (n=16), and the control group
2017-2019 (n=12).

Control group of Shuilin 70.5+8.20 (12%)

Huwei
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Figure 3: Pollution Index (PI) of monitored croplands in Shueilin
and Huwei areas over the years. PI<1.0: non-pollution level, PI>1.0:
slight pollution level, S: Shueilin, H: Huwei.
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Figure 4: Pollution Index (PI) of the monitored croplands in the
Lunbei area over the years. PI<1.0: non-pollution level, P1>1.0:
slight pollution level, L: Lunbei.
electrical attraction to negatively charged sites on soil minerals
and organic matter [29]. As a result, the Zn content exhibited
lower variability than the Cu content.

Nemerow Pollution Index and Analysis of Metal Form

Figures 3 and 4 show the PlIs evaluated for Cu and Zn in the

monitored soils. All the Pl values of Zn were higher than those
of Cu, indicating that Zn had a higher potential hazard. This may
be attributed to the Zn content, which was approximately five
times the Cu content in the livestock wastewater and ten times
the Cu content in the manure. Moreover, Zn showed a higher
background concentration (120 ppm) in the soil than Cu (50
ppm) in Taiwan. This has led to Zn in the monitored soil pos-
ing a higher potential environmental threat. The PI values of Cu
and Zn at each monitoring point were within the non-pollution
level range (PI<1.0) in 2019. Nevertheless, the Pl values of Zn
(0.8 and 0.96) at monitoring sites 7 and 8 were very close to a
slight pollution level (PI>1.0) in 2018, and the Pl value of Cu in
monitoring point 8 was higher than any other ones. Therefore,
although the PI level of Cu decreased in 2019, the soil at moni-
toring point 8 requires increased attention to be irrigated.

Figures 5 and 6 show that the P, levels obtained from Shuilin
and Huwei increased annually. The P levels from the first moni-
toring point in Huwei and monitoring point 7 in Lunbei were the
same (0.69), and in 2018, the condition was very close to the
alert level (P >0.7). However, the P level of monitoring point 8
in Lunbei was calculated at 0.83 in the same year. Although this
level decreased below the safe level (P <0.7) in 2019, Cu and Zn
may have continued accumulating.

Metallic forms in the soil may give rise to different poten-
tial environmental threats. They are generally classified into
five types: easily exchangeable, bound to carbonate, bound to
iron and manganese oxyhydroxides, bound to organic matter,
and residual. Exchangeable and bound carbonate forms are di-
rectly toxic to the environment, and metals bound to Fe and Mn
oxyhydroxides are also potentially toxic. All forms of metals are
available to plants except for the residual form. Therefore, the
residual form alone did not have any environmental disadvan-
tages. The speciation of Cu and Zn in the soil was determined to
assess whether the soil was directly poisoned by Cu and Zn after
irrigation with livestock wastewater.

As shown in Figures 7 and 8, the content of Cu bound to or-
ganic matter ranged from 30.0 to 71.5%, the content of residual
Cu ranged from 20.0 to 60.7%, the content of Zn bound to Fe and
Mn oxyhydroxides ranged from 15.9 to 49.6%, and residual Zn
contents ranged from 26.6 to 70.9%. These results could be at-
tributed to several factors. Cu preferentially combines with the
organic matter due to its high affinity for adsorption sites on soil
organic matter to form a stable complex [30,31,32]. Although
Zn may complex with organic matter, weaker competitive sorp-
tion to Cu occurs before combining with iron and manganese
oxides [33]. The analysis result was similar to the one proposed
by [34], which showed that Cu mostly comprised residual and
organic forms, whereas Zn comprised the residual form and the
form bound to Fe and Mn oxyhydroxides (15.9-49.6%). Cu and
Zn in livestock wastewater are considered potentially toxic to
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Figure 5: Nemerow pollution index of the monitored croplands in
the irrigation groups in Shueilin and Huwei areas over the years.
PN<0.7: safe level, PN>0.7: alert level, S: Shueilin, H: Huwei.
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L: Lunbei, H: Huwei, Hb: Huwei blank.

the environment because of their availability in crops. How-
ever, the amount of residual Cu was less than that of residual
Zn, and Cu posed a greater potential environmental threat than
Zn. In summary, Zn posed a higher threat if the total amount
of heavy metals (index) was used for the assessment, but Cu
posed a higher potential threat owing to its binding form. Al-
though the Cu and Zn contents were restricted to a reasonable
range in 2019, they could gradually accumulate in the future.
Consequently, the soil at monitoring sites should be monitored.

Using swine wastewater for irrigation poses a greater threat
than liquid cow manure. This concept was because swine waste-
water generally contains high levels of Cu and Zn. However, the
index comparison results revealed that the accumulations of Cu
and Zn in the Lunbei area were not lower than those in Shuilin
and Huiwei. This was due to the high amount of irrigation using
liguid cow manure. However, the average amount of irrigation
in the Lunbei area was higher than those in the Shuilin and Hu-
wei areas. In addition, massive amounts of biogas residue from
cow manure remained on the soil surface, indicating that the
effect of irrigation using liquid cow manure cannot be under-
estimated.

Conclusion

1. It can be inferred from the evaluation results of the
Nemerow pollution index that all Cu and Zn contents ranged
within a reasonable scope. Thus, the soils do not need to stop
irrigation with livestock wastewater at the monitoring sites.
However, these soils must be monitored for heavy metal accu-
mulation.

2. Based on the amount of Zn in the soil, it is more harm-
ful to health and approaches the alert level for stopping irriga-
tion. In addition, Cu has a high potential toxicity in the form of
heavy metals.

3. Sequential extraction investigations revealed that Cu
bound to organic matter and Zn bound to amorphous Fe and
Al oxyhydroxides were the major metals in the irrigated soils.

Regarding the environment, the threat from irrigation with
liguid cow manure was not lower than that from irrigation with
swine wastewater.
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