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This study determined a practical method to reduce environmental pollution by
wastewater from fish ponds. Water quality in three hybrid red tilapia ponds
(0.24 ha) was examined before and during harvest at five water depths of 10,
20, 50, 100, and 150 cm, as well as at the water surface and pond bottom. All
water samples were analyzed for BOD, TN, TP, TAN, TS, TSS, and SS, with
results compared with the Thailand control standard for freshwater aquaculture
effluent. All quality parameters of the seven water samples showed statistical
significance (p<0.05) that increased with water depth. Degradation was highest
in the bottom 50 cm of the fish pond. Limiting drainage to a depth of 50 cm
was achieved by tilting the drainage pipe, and the resulting effluent met all
water quality parameter standards. At a water depth of 50 cm, the remaining
water was drained using a water pump, and all water quality parameters failed
to meet the required standards. When this water was allowed to settle for 24 h,
BOD, TN, TP, TAN, and TSS reduced to 21.06%, 2.42%, 11.68%, 5.47%, and
43.36% of full pond values, respectively. Results suggested sedimentation as a
practical technique requiring a smaller pond area to reduce environmental
pollution.

Keywords:

Hybrid red tilapia/ Water level/
Sedimentation/ Reducing
environmental pollution

* Corresponding author:
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1. INTRODUCTION

Aguaculture farms release discharge water
from fish ponds to 1) improve water quality during
the culture period and 2) drain water during
harvesting. The main inputs to aquaculture systems
are feed and seston. These are transformed to fish
biomass or released in the water as feed waste and
excreta in the form of suspended organic solids or
dissolved nutrients, including nitrogen and
phosphorus (Feng et al., 2004; Li et al., 2011), and
are often discharged without treatment (Li et al.,
2011). Dissolved inorganic nutrients such as
ammonia, urea and phosphate are readily taken up by
phytoplankton and macroalgae to stimulate their
growth (Troell et al., 2003; Feng et al., 2004; Newell,
2004), leading to hypoxia and harmful algal blooms
(Alonso-Rodriguez et al., 2003; Troell et al., 2003;
Feng et al., 2004; Cao et al., 2007; Mohamed and Al-
Shehri, 2012). In many countries, aquaculture farm

effluents cause major ecological impacts on the
environment through habitat destruction and water
pollution (Teichert-Coddington, 1995; Coldebella et
al., 2018; Sampantamit et al., 2020).

In 2007, the Thailand Pollution Control
Department enacted a wastewater control standard to
reduce water pollution from aquaculture ponds
impacting the environment. This standard suggested a
requirement for sedimentation ponds of the same size
as the cultivation ponds; however, farmers considered
this to be a burden on production. Reducing the
amount of discharge wastewater requiring treatment
would reduce sedimentation pond size and lessen the
burden on farmers. This research assessed the
minimum water level sedimentation requirement to
improve wastewater quality before discharge from
intensive  cage-culture earthen ponds to the
environment.

Citation: Taparhudee W, Is-haak J, Jongjaraunsuk R. Minimum requirement to improve quality before discharging from hybrid red tilapia intensive
cage-culture in earthen ponds to the environment. Environ. Nat. Resour. J. 2022;20(4):340-347.

(https://doi.org/10.32526/ennrj/20/202100208)
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Two ways to reduce the impact of wastewater
on the environment include reducing the amount of
discharge wastewater or improving the discharge
water quality. Intensive cultivation of hybrid red
tilapia requires a large quantity of feed, leading to high
accumulation of organic matter in ponds from left over
feed and fish excretion. Cole and Boyd (1985)
reported that excessive nutrients in fish ponds result in
poor water quality and slow growth rate. Intensive
culture ponds require frequent water changes.
Therefore, improving discharge water quality is a
more practical alternative to reducing discharge water
quantity.

A wetlands technique is widely used for
improving wastewater quality. Plants in wetlands
absorb soluble nutrients and filter solids, thereby
improving polluted wastewater quality (Turcios and
Papenbrock, 2014). This technique is very effective
but limitations include a large land area for water
treatment of 0.7-2.7 times the size of the culture ponds
(Schwartz and Boyd, 1995). Shpigel et al. (2013)
applied 10,000 m? of wetland with Salicornia spp. for
the removal of nitrogen and total suspended solids
produced from 900 kg of 45% crude protein fish feed
(11 m?kg of feed) during one year. However,
biotreatment investment costs are high (Gutierrez-
Wing and Malone, 2006). Solid precipitation is
another technique commonly used in aquaculture
farms, with wastewater drained to sedimentation
ponds, dried under the sun and removed as fertilizer in
solid form. This method requires a smaller area than
the wetland technique but is more labor-intensive.

Recently, reports have shown that the nutrients
and solids in aquaculture ponds are highly
concentrated in the last 5-20% of the discharge volume
(Schwartz and Boyd, 1994; Teichert-Coddington et
al., 1995; Teichert-Coddington et al., 1999; Coldebella
etal., 2018). Thus, the quality of the upper water pond
layers may qualify for discharge into the environment,
and the common process of treatment of all drained
water after harvest may not be necessary. Precipitation
treatment performed only on the lower pond layers
would reduce sedimentation pond size and treatment
costs, while increasing land efficiency. Previous
research investigated channel catfish and shrimp in the
USA and Honduras under lower temperatures and
humidity values than experienced in Thailand. A
tropical environment stimulates biological activity and
increases the concentration of sewage; therefore,
volumes of discharge water needing treatment will be
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different. If farmers know the level of sewage in the
pond that does not meet the water quality standard,
then this will reduce the volume of water requiring
treatment. Hybrid red tilapia in Thailand are raised in
highly intensive systems that create large amounts of
nutrients and wastewater.

This research studied the quality of water at
different depths in hybrid red tilapia ponds before and
during harvesting, and compared water quality
parameters at each depth to the Thailand control
standard of wastewater from freshwater aquaculture
farms. The Thai standard requires biochemical oxygen
demand (BOD) <20 mg/L, total nitrogen (TN) <4.0
mg/L, total phosphorus (TP) <0.5 mg/L, total ammonia
nitrogen (TAN) <1.1 mg/L, and total suspended solids
(TSS) <80.0 mg/L (TECAC, 2008). The first drained
water level that did not reach all the standard
parameters was considered as the minimum water
level required to improve water quality before
discharge into the environment.

2. METHODOLOGY
2.1 Ponds cultivation and water management

The commercial hybrid red tilapia culture ponds
used in this study were located at Jittiporn Farm,
Klong 13, Pathum Thani Province in the central region
of Thailand. Three rectangular ponds (0.24 ha, 150 cm
deep and 1:1 inner dike slope) were tested for the
experiment. In each pond, fish were raised in six
7.5x15x1.2 m* cages. The fish (weight 100 g) were
stocked at 1,200 fish per cage (9 fish/m?) and fed at 2-
3% of their body weight per day with 30% protein
pellet feed divided into three meals at 07:00, 11:30,
and 17:00 h. Two 3-h.p. aerators were operated to
maintain water circulation. These were turned off
during each feeding time for about 45 min. The fish
were raised for four months to reach a harvestable size
of 800 to 1,000 g. Fish harvesting was performed by
lifting the cage out of the water. The out-cage fish
were seined when the water was drained to a depth of
50 cm.

Water exchange at a rate of 10 to 20% of total
pond water volume began three weeks after stocking
by adding fresh water and draining the wastewater
through a ten-inch diameter PVC drain pipe installed
50 cm above the bottom of the pond (Figure 1). The
pond was drained by lowering this pipe to reduce the
water level to 50 cm depth. Wastewater was pumped
out by a twelve-inch diameter pump installed at the
bottom of the pond.
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Figure 1. PVC pipe installed

Most of the wastewater and sewage from the
pond are discharged during fish harvesting. This
creates an environmental problem. Fortunately, the
lifting cage harvest method does not disturb the
sewage at the bottom of the pond. The upper drained
water does not mix with the sewage and may qualify
under Thai control standards to allow discharge into
the environment. However, this has not yet been
scientifically proven. The lower part of the
wastewater, with high concentrations of organic
matter, becomes disturbed during the seining of the
out-cage fish and electrical pumping. Research to
determine the required time for the solids to precipitate
and the water to qualify for discharge was therefore
undertaken, comprising three experiments.

2.2 Sampling and testing

2.2.1 Water quality at different water depths
before harvesting

This experiment was conducted on the day of
harvesting. After shutting down all the aerators for 30
min and before draining water out of the pond, a
technician collected water samples using a 20 cm
diameter PVC water sampling pipe. Three water
samples were taken at five water depths of 10, 20, 50,
100, and 150 cm and also from the water surface and
the pond bottom.

All water samples were analyzed for BOD, TN,
TP, TAN, total solids (TS), TSS, and settleable solids
(SS) by the methods shown in (Table 1). Water
volume in the pond is shown in Table 2 and calculated
using equation 1.
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Water volume (m?3) = (% X (water surface area +

1)
pond bottom area, m?))
X water depth (m)

¢ Data analysis

Water quality parameters from the three
experimental ponds were averaged, with water quality
data at different water depths analyzed for variance by
one-way ANOVA. Comparison of mean differences
between treatments was performed using Duncan’s
New Multiple Range Test at 95% confidence interval
(p<0.05). Each parameter was averaged, with results
reported as standard deviation by SPSS 24.0. Water
quality data at different depths were then compared
with the Thai standards of wastewater drainage from
freshwater aquaculture farms (TECAC, 2008), as
shown in Table 1.

Table 1. Water quality analysis methods and Thailand control
standards.

Water quality Analysis method Thailand

parameter (mg/L) standard

BOD APHA et al. (2005) <20.0 mg/L

TN Raveh and Avnimelech ~ <4.0 mg/L
(1979)

TP Raveh and Avnimelech  <0.5 mg/L
(1979)

TAN APHA et al. (2005) <1.1 mg/L

TS APHA et al. (2005)

TSS APHA et al. (2005) <80.0 mg/L

SS APHA et al. (2005)
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2.2.2 Water quality at different water depths
during harvesting

This experiment investigated water quality
discharge from red tilapia ponds during harvesting
using two steps of draining according to pond depth.
First, water was drained by lowering the drainage pipe
from the surface (150 cm total water depth) until the
water depth was 50 cm. The remaining water was then
pumped out by a 20 cm diameter water pump. Three
water samples were collected at the tip of the drainage
pipe or the pump outlet at 0, 50, 100, 130, 140, and
150 cm water depths and at the pond bottom.

Before water quality analysis, the three samples
taken at each water depth were mixed and measured
using the method shown in Table 1. Data analysis was
performed as followed in experiment 1.

2.2.3 Wastewater quality changes after settling
for different times

This experiment investigated the precipitation
of solids and nutrients inside the ponds. From the
results of the second experiment, only water samples
that did not pass the control standard were studied for

Before water quality analysis, the three samples
taken at each sedimentation time were mixed
and measured using the methods shown in Table 1.
Data analysis followed the procedures used in
experiment 1.

3. RESULTS
3.1 Water quality at different water depths before
harvesting

Results of calculated water volume and
analyzed water quality at different water depths before
the discharge was drained from the pond are shown in
Tables 2 and 3. The total volume of the water in the
pond was 3,097 m® and 50 cm of the last part of
pumped water was 31% of that volume. All water
quality parameters of the seven water samples were
statistically significant (p<0.05) and increased at each
water depth.

Table 2. Water volume in the hybrid red tilapia pond at different
water depths

Water depth (cm) ~ Water volume (m®)  Water volume (%)

sedimentation. The substandard samples were allowed 150 3,097 1000

to stand in test tubes at room temperature, with 100 2,017 65.1

samples taken at sedimentation times 1, 3, 6, 12, 24, 50 985 318

48, 72, and 96 h. Water quality analysis methods are 20 389 125

shown in Table 1. Changes in sedimentation 10 193 6.2

percentages were recorded from O h. 5 9 31

Table 3. Water quality in the hybrid red tilapia pond before drainage
Water depth  BOD TN TP TAN TS TSS SS
(cm from (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
surface)
10 7.80+0.29° 0.26£0.04°  0.156+0.0217 0.051+0.013Y  204.50+6.36° 57.50+0.71¢ 0°
20 11.400.28° 0.61#0.02¢  0.220+0.028° 0.085+0.007¢  225.50+2.12¢ 63.10£0.57%  0.15+0.04«
50 12.60+0.34¢ 0.73+0.08  0.265+0.007°  0.120+0.014°  233.00+4.24 67.00£0.85¢  0.24+0.07%%
100 15.00+0.28° 0.89+0.06™  0.320+0.014"  0.245+0.007°  246.50+2.12° 75.55+1.34¢ 0.36+0.04%
150 15.80+0.28" 0.97+0.01>  0.360+0.014"  0.525+0.064°  278.00+2.83 97.90+1.63° 0.47+0.04°
Pond bottom  28.80+0.572 1.48+0.16%  0.425+0.035*  2.486+0.014*  1309.50+113.40*°  369.50+12.02¢  3.38+0.23

Meanzstandard deviations with different superscript letters in the same column are significantly different (p<0.05).

3.2 Water quality at different water depths during
harvesting

All water quality parameters in the three ponds
sampled at different water depths during harvest
draining were statistically significantly different
(p<0.05). Results in Table 4 showed that at a depth of
100 cm from the surface BOD, TN, TP, TAN, and TSS
contents in the water were lower than the control
standard. However, at over 100 cm depth, the BOD,
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TP, and TSS contents exceeded the control standard,
while the TN and TAN contents exceeded the standard
at the pond bottom and at depths over 150 cm.
During the harvest period, water quality in the
ponds deteriorated with increasing depth. The last 50
cm of water recorded the highest deterioration
(31.80% of the final volume of water in the pond), as
shown in Table 4. Using the PVC drain pipe to reduce
the pond water level did not stir up the sediment at the
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pond bottom. When the water depth reduced to 50 cm,
the water was drained using the pump head placed on
the bottom of the pond. When pumping started, the

sediment at the bottom of the pond was disturbed.
During this period the remaining fish in the ponds
were also harvested by seining.

Table 4. Water quality parameters at different water depths during pond drainage

Water depth BOD TN TP TAN TS TSS SS

(cm from (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
surface)

Surface 8.20+0.49° 0.38+0.04"  0.160+0.014¢ 0.052+0.012¢ 191.50+2.12° 65.70+0.71f 0.13+0.02¢
50 11.10+0.42°¢  0.83x0.04°  0.205+0.007¢ 0.088+0.011° 224.50+4.95¢ 66.80+1.06f 0.17+0.02¢
100 12.70+0.28¢  1.06+0.03¢  0.240+0.014¢ 0.096+0.010*°  238.00+2.83¢ 79.00+1.41¢ 0.53+0.05¢
130 23.70+0.42¢  1.73+0.04¢°  0.560+0.014° 0.110£0.019>  474.00+2.83° 264.80+5.91¢ 57.05+2.69¢
140 27.80+1.56°  1.85+0.04°  0.605+0.007¢ 0.144+0.017°  487.50+12.02° 282.20+2.35¢ 60.14+7.88¢
150 48.60+6.79°  2.16+0.09°  0.730+0.042° 0.206+0.011° 633.00+8.49° 448.20+2.35P 140.34+1.07°
Pond bottom 94.10+4.81*°  4.89+0.16*  2.130+0.099° 4.150+0.410* 1324.50+16.36*  1027.40+12.02*  403.40+1.61°
Average (mg/L)  32.31+30.53  1.84+1.48  0.660+0.680 0.690+1.530 510.43+395.24 319.16+343.56 94.54+145.34

Meanzstandard deviations with different superscript letters in the same column are significantly different (p<0.05).

3.3 Comparison of discharge quality changes in the
hybrid red tilapia ponds at harvest and after
settling at different times

Precipitation of the discharge from the hybrid
red tilapia ponds during harvest resulted in significant
differences in water quality parameters for all time

periods (p<0.05), as shown in Table 5. Sedimentation
times to meet the standard drainage controls for
freshwater aquaculture ponds of BOD, TP and TSS in
the water were 3 h, 1 h, and 24 h, respectively showing
decreases of 37.4%, 38.5%, and 85.0%.

Table 5. Average concentrations of nutrients and solids from the last 50 cm of water left in the hybrid red tilapia ponds after sedimentation
at different times compared with initial concentrations

Sedimentation time BOD (mg/L) TN (mg/L) TP (mg/L) TAN (mg/L) TSS (mg/L)

Pumping 31.30+0.25° 1.74+0.06° 0.578+0.016° 0.386+0.023° 511.80+12.30%
(100%) (100%) (100%) (100%) (100%)

1h 23.50+0.21° 1.71+0.042% 0.355+0.008° 0.292+0.013° 258.10+9.80°
(75.0%) (98.0%) (61.5%) (75.6%) (50.4%)

3h 19.60+0.29¢ 1.70+0.04% 0.348+0.007"° 0.286+0.005° 194.80+12.11°
(62.6%) (97.4%) (60.3%) (74.0%) (38.1%)

6h 14.70+0.23¢ 1.64+0.06°% 0.342+0.006% 0.281+0.004° 123.50+8.501
(47.0%) (94.0%) (59.2%) (72.7%) (24.1%)

12h 11.40+0.11° 1.62+0.08 0.337+0.007b 0.268+0.002 115.70+4.60¢
(36.5%) (92.8%) (58.4%) (69.3%) (22.6%)

24h 9.90+0.18" 1.60+0.06" 0.335+0.011° 0.267+0.004% 76.7045.80°
(31.7%) (91.7%) (57.9%) (69.2%) (15.0%)

48 h 9.50+0.11F 1.52+0.01%% 0.322+0.016%¢ 0.247+0.007% 48.40+10.20
(30.3%) (87.4%) (55.8%) (64.0%) (9.5%)

72h 6.30+0.17¢ 1.49+0.03¢% 0.314+0.008% 0.236+0.010% 22.60+6.709
(20.3%) (85.6%) (54.3%) (61.1%) (%4.4)

96 h 3.90+0.30" 1.47+0.05° 0.303+0.015° 0.212+0.015° 15.00+4.70¢
(12.6%) (84.5%) (52.4%) (54.8%) (2.9%)

Meanzstandard deviations with different superscript letters in the same column are significantly different (p<0.05).

As shown in Table 6, average totals of BOD, TN,
TP, TAN, and TSS in the full ponds were 100.08, 5.71,
2.05, 2.14, and 988.43 kg, respectively. When the final
50 cm of harvest effluent (31% of pond water volume,
985 m?) was pumped and left to sediment for 24 h,
BOD, TN, TP, TAN, and TSS reduced by 21.08, 0.14,
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0.24, 0.12, and 428.57 kg or 68.37%, 8.05%, 42.04%,
30.83%, and 85.01%, respectively. This technique
gave waste reduction in total pond water as 21.06% of
BOD, 2.42% of TN, 11.68% of TP, 5.47% of TAN,
and 43.36% of TSS.
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Table 6. Average mass nutrient and total suspended solids in full ponds and reduction after settling the last 50 cm of effluent for 24 h

Exposition BOD TN TP TAN TSS
Average concentration of waste in the pond (mg/L) 3231 1.84 0.66 0.69 319.16
Total water volume (m?®) 3,097 3,097 3,097 3,097 3,097
Total waste in the pond (kg) 100.08 5.71 2.05 2.14 988.43
Concentration of waste during pumping the last 50 cm (mg/L) 31.30 1.74 0.58 0.39 511.80
Concentration of waste after 24 h of settling (mg/L) 9.90 1.60 0.34 0.27 76.70
Water volume of the last 50 cm of effluent (m%) 985 985 985 985 985
Total waste in the last 50 cm of effluent (kg) 30.80 1.70 0.60 0.40 504.10
Total waste after 24 h of settling (kg) 9.75 1.58 0.33 0.26 75.55
Total waste reduction after 24 h of settling (kg) 21.08 0.14 0.24 0.12 428.57
Total waste reduction after 24 h of settling (%) 68.37 8.05 42.04 30.83 85.01
Total waste reduction in total pond water (%) 21.06 242 11.68 5.47 43.36

4. DISCUSSION
4.1 Water quality at different water depths before
harvesting

Comparing the results to the standard for
wastewater drainage from freshwater aquaculture
farms (TECAC, 2008) the BOD, TN, TP, and TAN
values from all depths did not exceed the control
levels, while only TSS exceeded the control standard
at 150 cm depth. This one parameter exceeding the
control standard made the water at 150 cm unqualified
for discharge. Therefore, before harvesting, the caged
tilapia pond water qualified for discharge into the
environment to up to 100 cm depth from the surface.
Boyd (1995), Teichert-Coddington et al. (1995) and
Assan et al. (2021) reported that factors contributing
to feed intake directly affected the concentration of
nutrients in the pond as organic and inorganic
substances derived from excess food and the release of
fish waste in the form of feces and urine. These
substances are deposited as sediment on the bottom of
the pond, causing high BOD levels (Islam, 2005).
Here, total nitrogen, total phosphorus and ammonia
contents on the bottom of the pond were less than
recorded by Teichert-Coddington et al. (1999) who
studied intensive shrimp pond cultivation. In red
tilapia ponds, total nitrogen, total phosphorus and total
ammonia contents were 1.480, 0.425, and 2.486 mg/L,
respectively while in shrimp ponds they were 4.15,
1.67, and 2.40 mg/L, respectively. The feed given to
red tilapia in this study comprised only 30% protein,
while shrimp farming uses a diet containing 40 to 45%
protein. Higher protein feed results in higher organic
and inorganic contents, particularly at the pond bottom
(Halver and Hardy, 2002).
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4.2 Water quality at different water depths during
harvesting

During harvest, the fish are in a small volume of
water. This increases density and encourages water
agitation, leading to increased suspension of solids
(Coldebellaetal., 2018). Therefore, harvesting causes
a significant increase in all water quality parameters.
TN increased by 63.21% or 0.63 times, TP increased
133.33% or 1.33 times, TAN increased by 14.58% or
0.15 times, and TSS increased by 235.19% or 2.35
times. These concentrations were higher in water near
the bottom of the pond. Schwartz and Boyd (1994)
reported that pond nutrient concentration was
inversely related to the depth of water within the pond.
Concentrations of BOD, TN, TP, TAN, TSS, and TS
in the water were significantly different (p<0.05) at
different water depths. The concentration of nutrients
was highest in the last 20 cm of water, or 12.5% of
pond volume. This result concurred with Munsiri et al.
(1996), Teichert-Coddington et al. (1999) and
Coldebella et al. (2018) who reported that
concentrations of nutrients and solids in the discharge
increased, with highest values in the last 5 to 20% of
discharge from the pond.

Results showed that disturbance of the pond
bottom by the water pump as the last process of
harvesting mostly affected TSS in the water followed
by TP, BOD, and TN. The bottom of the pond was a
sink of accumulated sludge (Ayub et al., 1993).
Phosphorus is usually accumulated at the pond bottom
in the form of total phosphorus, thereby increasing
BOD levels (Islam, 2005). TN level showed little
increase as nitrogen in the pond evaporated into the
atmosphere in the form of nitrogen and ammonia by
nitrification and/or denitrification processes (Funge-
Smith and Briggs, 1998).
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4.3 Comparison of discharge water quality changes
in hybrid red tilapia ponds at harvest and after
settling for different times

Total nitrogen and total ammonia both passed
the standard from the beginning of water precipitation.
These results differed from Teichert-Coddington et al.
(1999) who found that sedimentation time of total
nitrogen and total phosphorus from shrimp ponds was
about 6 h. In their experiment, water quality data were
analyzed at 0, 6, 12, 24, and 48 h, while in our study
the frequency of data collection was 1, 3, 6, 12, 24, 48,
72, and 96 h, giving more detailed sedimentation
measurements. Sedimentation time for suspended
solids in our study was 24 h, similar to Teichert-
Coddington et al. (1999).

Our study results showed that sedimentation
was most efficient for TSS reduction, while removal
of nitrogen, BOD and phosphorus by sedimentation
was less effective. Nitrogen loss in ponds occurs
mainly by nitrification and denitrification processes.
Most phosphorus was adsorbed by the pond bottom
sediment. Sedimentation removes BOD in the short
term but it may later increase because of
autochthonous organic matter production in the
settling ponds (Teichert-Coddington et al., 1999).
Therefore, this technique is another option to reduce
the waste from the lowest water levels of harvest
effluent with high concentrations of BOD, TN, TP,
and TSS that are generally greater than the
Thailand control standard of wastewater from
freshwater aquaculture farms. This technique removed
21.08 kg of BOD, 0.14 kg of TN, 0.24 kg of TP, 0.12
kg of TAN, and 428.57 kg of TSS ina 0.24 ha pond in
one culture crop or 87.83 kg of BOD, 0.58 kg of TN,
1.0 kg of TP, 0.50 kg of TAN, and 1,785.71 kg of TSS
in a1 ha pond.

Numerous techniques have been applied to
reduce waste from aquatic animal ponds including
wetland establishment (Turcios and Papenbrock, 2014
and Marques et al., 2019), biological treatment with
duckweed (Lemna minor) and Bacillus sp. (Omitoyin
et al., 2017), green microalgae (Coelastrum morum)
(Adekanmi et al., 2020), and a co-culture system
(Attasat et al., 2013). Most of these methods treat all
the wastewater and require time, large wastewater
treatment areas and additional treatment systems to
achieve satisfactory results.

The results of this study can be used as an
effective discharge treatment from hybrid red tilapia
ponds. Water quality in the ponds should be monitored
according to depth ranges. Water depths that do not
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meet the standard of control for drainage from
freshwater aquaculture should be settled in a
sedimentation pond before release. This method
reduces the size of sedimentation ponds. If it is not
easy to measure water quality at depth periodically,
farmers can apply the results of this study by settling
water from a depth of 50 cm to the bottom of the pond
for at least 24 h. The upper water can be released or
recycled. This will reduce the environmental impact.
Pond sediment contains high levels of organic matter,
organic carbon and nitrogen as well as phosphorus and
potassium. These can be used as fertilizers for many
types of plants (Haque et al., 2016; Eymontt et al.,
2017; Dro6zdz et al., 2020) and for construction of
dams, roads, embankments and landfills (Maj and
Koszelnik, 2016).

5. CONCLUSION

Uncontrolled  draining of fish  ponds
significantly impacts the environment. Drainage from
the water surface to a depth of 100 cm by lowering a
drainage pipe can meet the standard of wastewater
drainage for freshwater aquaculture. When the water
depth reaches 50 cm, a water pump is used and all
water quality parameters do not meet the standard. If
this water is allowed to settle for 24 hours, all
parameters meet the standard. However, before
finally draining the water, the quality should first be
measured because different management techniques
give diverse results.
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The sources and spatial distribution of organic matter were investigated in the
nearshore area receiving untreated urban wastewater and offshore areas
containing bivalve mariculture in Muang Chonburi District. Content, elemental,
carbon, and nitrogen isotopic analyses in particulate organic matter (POM) and
surface sediments were performed. We found particulate organic carbon (POC),
513C, and 5'°N of POM ranging from 435.0-5,247.7 ug/L, -27.7 to -22.0%o , and
1.7-8.6%o , respectively, whereas total organic carbon (TOC), total nitrogen (TN),
513C and 8N in sediment were 3.5-76.9 pg/g, 0.8-8.3 ug/g, -25.7 to -22.9 %o
and 2.6-6.0 %o, respectively. These values show significant differences between
nearshore and offshore sampling stations wherein accumulation of organic matter
was high in the nearshore and decreased with greater distance offshore, with some
retained in the bivalve farming area. The results from a mixing model indicated
that organic matter in POM and sediment were initially derived from
anthropogenic organic matter. In contrast to the offshore water which had organic
matter derived from marine organic matter. This study highlights the distribution
of anthropogenic organic waste released to coastal waters with plenty of bivalve
farms such as green mussels and oysters. The results can be used to advise
national strategies regarding bivalve aquaculture zoning and seafood safety

policies going forward.

1. INTRODUCTION

Shallow coastal waters are where the biotic and
abiotic components of the marine and terrestrial
environments interact to form complex ecological and
economic resources systems. These area are highly
influenced by human activities, including housing
developments, commercial industries, as well as
recreation (Nordstrom, 2000). Consequently, these
areas have been affected by various anthropogenic
pollutants in sewage. Among the existing pollutants,
the accumulation and distribution of organic matter in
the shallow waters that receive urban wastewater, such
as the inner Gulf of Thailand, has not been well
understood.

Chonburi Province is situated on the east coast
of the Inner Gulf of Thailand, covering 4,363 km? with
a current population of more than 1.6 million. Muang
Chonburi District is one of the most densely populated

areas in Thailand, with more than 400,000 residents
(1,490 people/km?) (Official Statistics Registration
Systems, 2021). Consequently, these vast expanses of
man-made activities cause a potential risk to the
survival, growth, and ecological relationship of sessile
and intertidal bivalves (Thushari et al., 2017). Coastal
area of the district has become a significant economic
ecosystem for tourism, industry, human settlement,
and bivalve shellfish farms covering 197 ha with a
production of 4,200 tons per year (Department of
Fisheries, 2020). Oysters, green mussels, and bloody
cockle have high commercial values because they are
popular seafood sources for residents and tourists in
this area and nationwide.

However, coastal water along Muang Chonburi
District receives untreated wastewater from several
communities via small canals (Boonkhwang et al.,
2010). Therefore, massive amount of anthropogenic

Citation: Boonkwang N, Boonphakdee T. Sources and distribution of organic matter in coastal area of Muang Chonburi District, Eastern Thailand:
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pollutants, for instance, organic matter (Onpankoon et
al., 2010), nutrients (Boonphakdee et al., 2008),
microbial contaminants (Bussi et al., 2017), persistent
organic pollutants (POPs) (Beyer et al., 2017),
household chemicals and emerging contaminants of
concern (Ocharoen et al., 2018) have been discharged
to the coastal water of Muang Chonburi District.
Organic matter and nutrient substances may cause
eutrophication and eventually a red tide (Lassauque et
al., 2010; Nijole et al., 2017), which creates a severe
deterioration of the coastal environment and bivalve
farming due to excessive oxygen consumption during
the microbial respiration of the dead phytoplankton
cells (Andrews et al., 1998). The low oxygen
conditions may, in turn, kill fish and invertebrates,
with severe consequences for the marine ecosystem
(Boyer et al., 2009). Microbial contaminants,
persistent organic pollutants (POPs), household
chemicals, and emerging contaminants of concern
may accumulate in bivalves and impact human health
via consumption (\Webber et al., 2021).

This study is focused on the distribution and
sources of organic matter in the coastal area with an
abundance of bivalve mariculture, and are receiving
urban wastewater by using the stable carbon (§*C)
and nitrogen (8*°N) isotopes. Distribution of organic
matter and its origin are essential approaches for
understanding the movement and accumulation of
organic matter in a coastal area. The results from this
study can assist in improving a national policy for
mariculture zoning and seafood safety.

2. METHODOLOGY
2.1 Study area and sampling sites

We took samples from three canals located in
Muang Chonburi District, Chonburi Province;
Sungkep  (SK)  (N13°22.437"  E100°58.690"),
Bangplasoy (BPS) (N13°21.697' E100°58.383") and
Bangprong (BPR) (N13°18.856' E100°55.078") canals
(Figure 1). These three canals receive municipal
wastewater from densely populated communities in
Muang Chonburi District (Sangmanee et al., 2017)
before emptying into the east coast of the inner Gulf
of Thailand. Stn. SK1, BPS1, and BPR1 were located
at the mouth of each canal. We classified Stn. SK1-4,
BPS1-4, and BPR1-4 as nearshore areas with shallow
areas (depth <3.0 m). In contrast to Stn. SK5, BPS5,
and BPR5 located >1,500 m. from the coastline and
deeper water (>5.0 m) were determined as offshore
stations. The sampling stations were approximately
300 m interval in the seaward direction along the
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discharging plume from the canals (Boonkhwang et
al., 2010).

The bivalve mariculture area along the coast of
Muang Chonburi District is shown in Figure 1, covering
197 ha with a production of 4,200 tons per year
(Department of Fisheries, 2020). Bivalves cultured in
this area are mainly green mussel (Perna veridis) in
Sungkeb and Bangplasoy sites and oyster (Saccostrea
cucullate) Bangprong site Figure 1 (a) and (b).

2.2. Sample collection and pretreatment

Water samples for marine organic matter,
mangrove leaves, sewage, particulate organic matter
(POM) and sediment samples were taken at Sungkep
(Stn. SK1-SK5), Bangplasoy (Stn. BPS1-BPS5), and
Bangprong (Stn. BPR1-BPR5) sites during 10-14
January 2016. This period is classified as a dry season
(Boonphakdee et al., 2008). Water samples were
collected at a depth of 0.5 m using the Kitahara water
sampler. Surface sediments samples were taken by an
acrylic core sampler at a depth of 0-3 cm. After sample
collection, water samples were stored in labelled
plastic bottles and then frozen at -4°C. Sediment
samples were stored in labelled plastic bags and then
transported to the laboratory for further process.

Mangrove leaves were sampled from the
reserved mangrove area in Muang Chonburi District
(Figure 1), whereas sewage samples were collected at
sewer outlets discharging into the three canals. Marine
phytoplankton samples were vertically taken by using
60 um mesh size plankton net at Stn. SK5, BPS5, and
BPR5 where salinity was >33 and used as marine
organic matter (OM).

After being transferred to the laboratory, water
samples were filtered through pre-combusted (550°C,
2 h) GF/F Whatman glass fiber. The filtered samples
were dried in an oven at 60°C for 24 h and decarbonated
by HCI fumes for 6 h. After that, samples were rinsed
with distilled water and stored at -20°C for elemental
and isotopic analysis. The sediment samples were
dried at 60°C for 48 h and then ground to a fine powder
and homogenized. Powder sediment samples were
acidified with 5 N HCI to remove inorganic carbon and
washed with distilled water. Finally, sediment samples
were dried at 60°C for 48 h and kept in a desiccator
for further elemental and isotopic determination
(Boonphakdee et al., 2008). Total organic matter was
determined using the ignition loss procedure (Verardo
et al., 1990). The organic carbon and nitrogen contents
were determined using a CHN elemental analyzer. We
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conducted a t-test using SPSS software (Version 20) to
check the differences in §*3C, §*°N, and C/N ratio values
among samples.

The contents of organic carbon and nitrogen

G mmcncnnan

were determined using a CHN elemental analyzer. We
conducted a t-test using SPSS software (Version 20)
to check the differences in §*°C, §'°N, and C/N ratio
values among samples.

Figure 1. Map of sampling sites and stations in (a) Sungkep (Stn. SK1-5) and Bangplasoy (Stn. BPS1-5) and (b) Bangprong (Stn. BPR1-
5) canals in Muang Chonburi District, Eastern Thailand. A star symbol indicates a sampling point for mangrove leaves. Grey areas
illustrate bivalve mariculture in Muang Chonburi District (Department of Fisheries, 2021).

2.3 Stable isotope analysis

Stable isotopes were analyzed by a Thermo
Finnigan Delta V advantage Isotope Ratio Mass
Spectrometer Analyzer at Cornell Isotope Laboratory,
Cornell University, USA. Carbon and nitrogen
isotopic signatures were expressed as the relative
differences between the isotopic ratio in the sample
and conventional standards (**C/*2C or **N/**N), using
the standard equation:

513C or 615N (%o) = [(Rsample/ Rreference) - 1] x 11000
In this expression, Rsample and Rreference are the

isotopic ratios of the sample and reference,
respectively. The carbon standard is Peedee Belemnite
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(PDB), and the nitrogen standard is atmospheric No.
All samples were analyzed twice. Reproducibility was
better than £0.1%o of absolute difference for both §'°C
and 8'°N.

3. RESULTS AND DISCUSSION
3.1 Compositions of organic matter in POM and
sediment

3.1.1 Particulates organic matter (POM)

The values of particulate organic carbon (POC),
particulate organic nitrogen (PON), C:N ratio, 62C
and 8N of POM ranged from 435.0-5,247.4 ug/L,
85.1 to 927.5 ug/L, 2.6-10.1, -27.7 to -22.0 %o, and
1.7-8.6 %o, respectively (Table 1). Concentrations of
POC and PON were significantly different (p<0.05)
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among the three sampling sites. Spatial variations in
PON and POC were observed with a similar pattern
showing the high values in nearshore, especially in

canal mouth stations (Stn. SK1, BPS1, and BPR1) and
decreased seaward to low values at offshore stations
(Stn. SK5, BPS5 and BPR5) (Table 1 and Figure 2(a)).

Table 1 .Compositions of organic matter in coastal waters of Muang Chonburi District.

Sites/stations 3%Crom  3*°Nrom POC C:Nrom  §13Cseq S15Nsed TOCsed TNsed C:Nsed
(%o) (%o) (Hg/L) (%o) (%o) (mg/g) (mg/g)
Sungkep
SK1 -27.0 34 6,352.0 10.1 -25.2 4.6 76.9 8.3 7.9
SK2 -26.0 2.3 5,114.5 8.9 -23.6 5.0 334 45 6.4
SK3 -24.5 25 3,970.7 72 -23.4 55 133 2.7 6.7
SK4 -23.4 3.0 3,734.2 6.7 -23.2 5.3 194 25 6.2
SK5 -23.3 3.0 1,849.8 5.7 -22.4 5.8 235 3.2 5.6
Bangplasoy
BPS1 =277 25 3,887.2 9.7 -25.7 6.0 333 2.8 9.3
BPS2 -27.4 5.7 2,897.8 8.8 -24.3 2.7 8.3 11 7.9
BPS3 -26.9 4.7 14147 6.2 -23.4 45 6.2 0.9 7.6
BPS4 -24.9 53 1,289.9 6.0 -23.6 2.6 35 0.8 6.0
BPS5 -23.2 5.9 1,479.4 6.1 -23.0 5.3 7.7 2.1 5.9
Bangprong
BPR1 -24.7 17 5,247.4 5.7 -23.9 5.3 34.2 3.2 9.2
BPR2 -23.2 8.6 1,021.4 5.5 -22.8 45 8.4 1.0 7.2
BPR3 -22.9 8.5 925.4 55 -22.3 5.0 4.3 0.5 7.4
BPR4 -22.9 7.2 4929 55 -22.0 5.9 28.4 2.6 6.4
BPR5 -225 7.0 436.0 5.4 -20.9 5.8 41 0.5 6.0

This indicates organic matter released from the
municipal communities contributing to coastal water
and was influenced by resuspension of bottom
sediment in shallow water (Lamb and Swart, 2008).
The values of POC:Chla at the canal mouth (SK1,
BPS1, and BPR1) and nearshore stations of Sunkep
and Bangplasoy canals (Stn.SK2-4 and BPS2-4) were
higher (>200) than those of the offshore stations
(<100) (Figure 2(b)), indicating a strong distribution
of anthropogenic organic matter (Maksymowska et al.,
2000; Boonphakdee et al., 2008; Nijole et al., 2017).
This coincides with the lowest *3C at all canal mouth
stations (-27.0, -27.7, and -24.7%o. for Stn. SK 1, BPS1,
and BPR1, respectively). The low §'°C values (approx.
-27%0) were close to that of sewage (Wu et al., 2003;
Rumolo et al., 2011), indicating high anthropogenic
input at Stn. SK1 and BPS1. Higher 8*C value at
BPR1 implies more contribution of marine OM at this
station (Table 1). Values of 8*3C increased in seaward
direction with the highest values (lower negative) at
offshore stations (SK5, BPS5, and BPR5) (Figure
2(c)), which are close to -21.5%o determining marine
OM (Boonphakdee et al., 2008).

The values of §°C, 8'°N, total organic carbon
(TOC), total nitrogen (TN) and C:N ratio of sediment
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ranged from -25.7 to -22.9 %o, 2.6-6.0 %o, 3.5-76.9
mg/g, 0.8-8.3 mg/g and 1.0-9.3, respectively (Table 1).
Comparing with TOC and TN concentrations in
sediments from worldwide coastal waters (Gu et al.,
2017 and references therein), we found TOC and TON
in this study were comparable to those from Bohai
Bay, China. The spatial distribution of TOC and TN
showed similar patterns (Figures 3(a-b)) to those in
POM, with higher concentrations at the canal mouth
and lower values in nearshore and offshore stations.

The values of TOC and TN in sediment were
high at the canal mouth and nearshore stations and
decreased with an increase in seaward distance
(Figures 3(a-b)). These results imply that an increased
organic matter falls to the bottom, and the benthic
environment is transformed from one of oxidation to
reducibility, leading to decreased benthic diversity and
increased adverse biological effects on marine
organisms (MPI, 2013). Fine-grained sediment in the
nearshore also provides good binding for organic
matter adsorbed on fine particles (Onpankoon and
Boonpakdee, 2012; Gu et al.,, 2017). Generally,
sedimentary organic matter is closely associated with
fine-grained sediments undisturbed by human
activities (Gao et al., 2012).
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The relationship between TOC and TN in
sediment was high with R?=0.85 (Figure 4(b)),
showing a single source of organic matter in sediment
(Pastene et al., 2019). The values of 8**C in sediment
showed similar patterns to 33C in POM. The low
values of 3*3C in sediment were at the canal mouth and
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nearshore (-23.5 to -25.7%o), whereas the higher
values were found in samples from the offshore
stations at all sampling sites (-21 to -23%.) (Figure
3(c)). This suggests that the distribution of sediment
organic matter in this study area was influenced by
large amounts of organic waste from human waste.
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Figure 2. Values of (a) POC, (b) POC:Chla ratio, and (c) 5'3C in POM of SK, BPS, and BPR sampling sites. Positive distances indicate

seaward direction.
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Figure 3. Values of (a) TOC, (b) TN, and (c) 5*3C in surface sediments of SK, BPS, and BPR sampling sites. Positive distances indicate

seaward direction.
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Figure 3. Values of (a) TOC, (b) TN, and (c) 8*3C in surface sediments of SK, BPS, and BPR sampling sites. Positive distances indicate
seaward direction (cont.).

3.2 Sources of organic matter in POM and  2005; Boonphakdee et al., 2008). In this study, C/N
sediment ratios in POM and sediment varied from 5.4 to 10.1
Significant linear relationships (r’=0.75, and from 5.6 to 9.3 with an average of 6.8+1.7 and
p<0.001) between POC and PON were observed  7.0+1.2, respectively. These results indicate a mix of
(Figure 4(a)) with highly strong correlation (r>>0.95,  terrigenous or anthropogenic and marine sources. To
p<0.001) at each study site (Table 1), suggesting they  confirm the source of organic matter in our study, we,
are derived from the same source (Gu et al., 2017).  therefore, analyzed 8**C and 8*°N values. The 5*3C and
C/N ratios, 8'°C, and 8N values have been widely 8N values derived from marine organic matter
used as markers to effectively discriminate sources of ~ ranging from -22%o to -18%o, and 3%o to 12%o,
organic matter in aquatic ecosystems (Boonphakdee et respectively (Boonphakdee et al., 2008; Gao et al.,
al., 2008; Holtgrieve et al., 2011; Kikumoto et al., ~ 2012). Terrestrial Cs and C, plants generally have 6°C
2014; Li et al., 2016). Marine phytoplankton derived  values ranging from -33%. to -21%o and -17%o to -9%o,
organic matter typically has C/N ratios between 4 and  respectively. (Lamb et al., 2006; Boonphakdee et al.,
7 (Gu et al., 2010), whereas terrestrial C; plants have  2008; Yu et al., 2010).
C/N ratios typically higher than 12 (Ogrinc et al.,
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Figure 4. The relationships of (a) POC vs. PON and (b) TN vs. TOC in surface sediment of SK, BPS, and BPR sampling sites.

The 8N values in terrestrial organic matter  sources (e.g., inorganic fertilizers 0 %o) and treated
varied from -10%o to 10%o (Li et al., 2016), and from sewage (10-15%0) (Anderson and Cabana, 2006;
0.67%o to 7.67%o in terrestrial vegetations (Wei etal.,  Finlay and Kendall, 2007). However, identifying
2010). The elevated 8N signature of untreated  sources of nitrogen to aquatic ecosystems, some
sewage (0-5%o) distinguished it from other nitrogen
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overlap may exist in isotope values of sewage and
terrestrial organic matter (Diebel and Zanden, 2009).

The 8'3C and §*°N distribution (Figures 3(c) and
Figure 5) show that POM and sediment in the
nearshore stations, located within 800 m from the
shore, were close to those in sewage. In contrast,
stations located further than 1,000 m. from the
shoreline had values of §'3C and 8*°N similar to those
in marine OM. This suggests that organic matter in
POM and sediment represents a mixture of
continentally derived sewage and marine material
(Figure 2(c) and Figure 3(c)). However, higher values

of 83C of POM and sediment in the BPR site indicate
low sewage origin contribution (Ogrinc et al.,2005).
We measured values of §3C, §°N, and C:N ratio of
potential organic matter sources, as shown in Table 2.
However, low values of 615N (<3%o) in some POM
and sediment samples (Figures 5(a-b)) indicate the
possibility of another source, which may be
autochthonous organic matter such as benthic diatom
(Sugimoto et al., 2006) or detritus derived organic
matter (Sampaio et al., 2010). Therefore, further
investigation is needed.

Table 2. Values of §13C, §'°N, and C:N ratios of potential sources in coastal waters of Muang Chonburi District

Potential sources 513C (%o) 3N (%o) CN

Mean+SD Range Mean+SD  Range Mean+SD Range
Sewage -28.6+0.3 -28.310-28.8 5.241.2 4.6-5.7 10.6+0.8 10.0-11.2
Marine POM -19.5+0.6 -19.0t0-21.4 7.0£0.6 5.2-94 5.4+1.0 4.2-6.5
Mangrove leaves -30.7£2.5 -21.910-32.9 7.2%1.7 3.7-95 15.4+3.3 14.9-19.8

3.3 Contribution of sewage and marine organic
matter

To understand the sources of organic matter in
the POM and sediment in this coastal environment, we
applied a mixing model based on two end-member of
d13C. This two-end-member mixing model was applied
to quantify the portion of organic origin considered
terrigenous (sewage) and marine OM. This model has
been demonstrated to effectively assess the relative
proportions of terrigenous and marine organic matter in
coastal waters (Goni et al., 2003; Boonphakdee et al.,
2008; Gu et al., 2017; Sasmito et al., 2020).

In this study, we used 8'°C values of -19.5%o
and 26.80 %o for marine end-member (8**Crarine) and
sewage end-member (8%3Csewage), respectively. Even
though our previous works implemented terrigenous
Cs plants (mangrove leaves) as a potential source of
organic matter in larger and open waters such as the
Banpakong river estuary (Boonphakdee et al., 2008)
and the inner Gulf of Thailand (Onpankoon et al.,
2010) where terrigenous C; plant was the main
contributor of organic matter. However, in our study
sites, mangroves were available in narrow patches
along the coastline and there was no terrestrial organic
input from other water sources during the dry season.
This coincides with values of 5'°N and C:N ratios of
sewage that are closer to POM and sediment than those
of mangrove (Figure 5(b) and Tables (1-2)).
Therefore, in this study, we determined sewage as the
main potential source of terrigenous organic matter.
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We took sewage samples from the main sewer
outlets flowing to the three canals. The value of -
26.80%0 was close to that of untreated raw sewage
reported by Anderson and Cabana (2006) and Finlay
and Kendall (2007). The relative percentage
contributions of sewage organic matter (SOM) and
marine OM in POM and sediment samples were
calculated using Equations (1) and (2).

83Cmarine— 83C
0 — marine sample
SOM(/O) 513Cmarine_ 613Csewage X 100 (1)
Marine OM (%) = 100 — SOC 2)

The estimated contributions of sewage and
marine OM indicate spatial variation in organic
sources in all sampling sites (Figure 6). Accumulation
of derived anthropogenic organic from the municipal
wastewater was the majority in canal mouth stations
with >80% and >60% for POM and sediment,
respectively, decreasing with greater distance in a
seaward direction (Ogrinc et al., 2005). In contrast to
the offshore station, marine OM was the main
contributor (Sampaio et al., 2010). However, we found
that the percentage of the anthropogenic OM was
higher in POM than that in sediment. This was due to
the high biodegradation rate of anthropogenic POM,
which typically occurs in shallow water (Zhou et al.,
2021). In addition, marine OM mainly derived from
marine phytoplankton has short lifetimes, and the
heavier isotopic carbon weight could accumulate.
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A higher percentage of marine OM was
observed in the bivalve farming area (Stn. BPR 4-5),
as shown in Figures 2 and 6. In this area, the primary
farmed bivalve species was oysters that preferentially
makes use of benthic diatoms (Richard et al., 1997).
Uneaten natural food and cultivated bivalve feces can
contribute to the accumulation of marine OM in the
surface sediments of Oyster farming areas. In addition,
Peng et al. (2014) and Gu and Lin (2016) reported that
relatively higher nutrient levels in the seawater of the
mariculture area promote algal blooms. As algae
blooms subside, their major components are retained
in the sediments.

3.4 Sewage and bivalve mariculture

This study demonstrates that sewage derived
organic matter can reach bivalve mariculture area,
such as the BPR site. This is particularly the case with
filter feeding bivalves, which can accumulate
significant amounts of contaminants from the water.
Many chemical contaminants in sewage include
persistent organic pollutants (Beyer et al., 2017)
endocrine disrupting chemicals (Ocharoen et al.,
2018), metals (Green et al., 2021), biocides, pesticides
(Watts et al., 2017), veterinary and human medicines
(Webber et al., 2021) all of which can be bio-
transformed and bio-magnified to human via bivalves.
Therefore, to assess the sustainability of the shellfish
farming industry and/or seafood safety policy, we have
to identify a range of future aquaculture management
scenarios pertinent to future development and the
sustainability of bivalve mariculture in Thailand.

4. CONCLUSION

This study has revealed the distribution of
organic matter in coastal waters receiving municipal
wastewater. It clearly shows that anthropogenic
organic matter released from the coastal municipality
accumulates in the nearshore with a decrease in a
seaward direction. A mixing model indicated that the
POM and organic matter in the nearshore sediment
were initially derived from anthropogenic organic
matter whist the source of offshore organic matter was
marine phytoplankton. These results can be used to
inform policies regarding bivalve mariculture zoning
as well as general seafood safety regulations on a
regional and national level.

ACKNOWLEDGEMENTS
This work was financially supported by the

356

National Research Council of Thailand (Project ID
2559A10802125) in relation to a JSPS Core-to-Core
Program, B. Asia-Africa Science platform.

REFERENCES

Anderson C, Cabana G. Does delta N-15 in river food webs reflect
the intensity and origin of N loads from the watershed. Science
of the Total Environment 2006;367:968-78.

Andrews JE, Greenaway AM, Dennis PF. Combined carbon
isotope and C/N ratios as indicators of source and fate of
organic matter in a poorly flushed, tropical estuary: Hunts Bay,
Kingston Harbour, Jamaica. Estuarine, Coastal and Shelf
Science 1998;46:743-56.

Beyer J, Green NW, Brooks S, Allan 1J, Ruus A, Gomes T, et al.
Blue mussels (Mytilus edulis spp.) as sentinel organisms in
coastal pollution monitoring: A review. Marine Environmental
Research 2017;130:338-65.

Boonkhwang N, Sutthasom N, Boonphakdee T. Role of small
rivers in nitrogen transport to the Inner Gulf of Thailand.
Proceedings of the 8™ Conference of Science and Technology
and Technology for Development Social Happy; 2010 Mar 19;
Thammasat University, Rangsit Campus: Thailand; 2010.

Boonphakdee T, Kasai A, Fujiwara T, Sawangwong P. Combined
stable carbon isotope and C/N ratios as indicators of source and
fate of organic matter in the Bangpakong River estuary,
Thailand. EnvironmentAsia 2008;1:28-36.

Boyer JN, Kelble CR, Ortner PB, Rudnick DT. Phytoplankton
bloom status: Chlorophyll a biomass as an indicator of water
quality condition in the southern estuaries of Florida, USA.
Ecological Indicators 2009;9:56-67.

Bussi G, Whitehead PG, Thomas ARC, Masante D, Jones L, Jack
Cosby B, et al. Climate and land use change impact on fecal
indicator bacteria in a temperate maritime catchment (the River
Conwy, Wales). Journal of Hydrology 2017;553:248-61.

Department of Fisheries. Statistics of Marine Shellfish Culture
Report Number 14/2020. Bangkok, Thailand: Ministry of
Agriculture and Cooperatives; 2020. (in Thai).

Department of Fisheries. Map of controlled shellfish mariculture
area [Internet]. 2021 [cited 2022 Feb 20]. Available from:
https://gisportal.fisheries.go.th/portal/apps/webappviewer/ind
ex.html?id=61050ffe668b408bb9e8e39f4e187ada.

Diebel MW, Zanden MJV. Nitrogen stable isotopes in streams:
Effects of agricultural sources and transformations. Ecological
Applications 2009;19:1127-34.

Finlay JC, Kendall C. Stable isotope tracing of temporal and spatial
variability in organic matter sources to freshwater ecosystems.
In: Michener R, Lajtha K, editors. Stable Isotope in Ecology
and Environmental Science. New Jersey, USA: Blackwell
Publishing; 2007.

Gao XL, Yang YW, Wang CY. Geochemistry of organic carbon
and nitrogen in surface sediments of coastal Bohai Bay
inferred from their ratios and stable isotopic signatures. Marine
Pollution Bulletin 2012;64:1148-55.

Goni M, Teixeira M, Perkey D. Sources and distribution of organic
matter in a river-dominated estuary (Winyah Bay, SC, USA).
Estuarine Coastal and Shelf Science 2003;57:1023-48.

Green N, Pettersen R, Ruus A, Beyer J, Green NW. Proposed
Environmental Quality Standards (EQSs) for blue mussel
(Mytilus edulis) [internet]. 2021 [cited 2022 Feb 8].
Available from: https://niva.brage.unit.no/niva-xmlui/
handle/11250/2731548.



Boonkwang N and Boonphakdee T / Environment and Natural Resources Journal 2022; 20(4): 348-358

Gu YG, Wang ZH, Lv SH, Yang YF, Feng J, Fang J, et al.
Distribution of biogenic elements and potential contamination
assessment in surface sediments from western Guangdong
coasts. Journal of Shenzhen University Science and
Engineering 2010;27:347-53.

Gu YG, Lin Q. Trace metals in a sediment core from the largest
mariculture base of the eastern Guangdong coast, South China:
Vertical distribution, speciation, and biological risk. Marine
Pollution Bulletin 2016;113:520-5.

Gu YG, Ouyang J, Ning JJ, Wang ZH. Distribution and sources of
organic carbon, nitrogen and their isotopes in surface
sediments from the largest mariculture zone of the eastern
Guangdong coast, South China. Marine Pollution Bulletin
2017;120:286-91.

Holtgrieve GW, Schindler DE, Hobbs WO, Leavitt PR, Ward EJ,
Bunting L, et al. A coherent signature of anthropogenic
nitrogen deposition to remote watersheds of the northern
hemisphere. Science 2011;334:1545-8.

Kikumoto R, Tahata M, Nishizawa M, Sawaki Y, Maruyama S,
Shu D, et al. Nitrogen isotope chemostratigraphy of the
Ediacaran and Early Cambrian platform sequence at Three
Gorges, South China. Gondwana Research 2014;25:1057-69.

Lamb AL, Wilson GP, Leng MJ. A review of coastal palaeoclimate
and relative sea-level reconstructions using $'3C and C/N ratios
in organic material. Earth-Science Reviews 2006;75:29-57.

Lamb K, Swart PK. The carbon and nitrogen isotopic values of
particulate organic material from the Florida Keys: A temporal
and spatial study. Coral Reefs 2008;27:351-62.

Lassauque J, Lepoint G, Thibaut T, Francour P, Meinesz A.
Tracing sewage and natural freshwater input in a Northwest
Mediterranean Bay: Evidence obtained from isotopic ratios in
marine organisms. Marine Pollution Bulletin 2010;60:843-51.

Li Y, Zhang HB, Tu C, Fu CC, Xue Y, Luo YM. Sources and fate
of organic carbon and nitrogen from land to ocean: Identified
by coupling stable isotopes with C/N ratio, Estuarine. Coastal
and Shelf Science 2016;181:114-22.

Maksymowska D, Richard P, Piekarek-Jankowska H, Riera P.
Chemical and isotopic composition of the organic matter
source in the Gulf of Gdansk (Southern Baltic sea). Estuarine,
Coastal and Shelf Science 2000;51:585-98.

Ministry for Primary Industries (MPI). Overview of Ecological
Effects of Aquaculture. New Zealand: Ministry for Primary
Industries; 2013.

Nijole RN, Galina L, Vitalijus M, Ruta B, Mindaugas Z, Irma VL,
et al. Assessing nature and dynamics of POM in transitional
environment (the Curonian Lagoon, SE Baltic Sea) using a
stable isotope approach. Ecological Indicators 2017;82:
217-26.

Nordstrom KF. Beaches and Dunes on Developed Coasts.
Cambridge, UK: Cambridge University Press; 2000.

Ocharoen Y, Boonphakdeea C, Boonphakdee T, Shinn AP,
Moonmangmee S. High levels of the endocrine disruptors
bisphenol-A and 17B-estradiol detected in populations of green
mussel, Perna viridis, cultured in the Gulf of Thailand.
Aquaculture 2018;497:348-56.

Official Statistics Registration Systems. Population and house
statistics report [Internet]. 2021 [cited 2021 Oct 10]. Available
from: http://stat.bora.dopa.go.th/stat/statnew /statTDD
Iviews/showDistrictData.php?rcode=20&stat Type=1&year=63.

Ogrinc N, Fontolan G, Faganeli J, Covelli S. Carbon and nitrogen
isotope composition of organic matter in coastal marine

357

sediment (the Gulf of Trieste, N Adriatic Sea): Indicators of
sources and preservation. Marine Chemistry 2005;95:163-81.

Onpankoon S, Sutthasom N, Boonphakdee T. An importance of
small rivers on phosphorus and suspended solid transportation
from Chonburi Municipality to the Inner Gulf of Thailand.
Proceedings of the 8" Conference on Science and Technology
and Technology for Development Social Happy; 2010 Mar 19;
Thammasat University, Rangsit Campus: Thailand; 2010.
(in Thai).

Onpankoon S, Boonphakdee T. Chemical and sources of organic
matter in sediment from the Inner Gulf of Thailand.
Proceedings of the Marine Sciences Conference; 2012 Oct 17-
19; The Tawanna Bangkok Hotel: Thailand; 2012. (in Thai).

Pastene M, Quirogab E, Hurtadob CF. Stable isotopes and
geochemical indicators in marine sediments as proxies for
anthropogenic impact: A baseline for coastal environments of
central Chile (33°S). Marine Pollution Bulletin 2019;142:76-84.

Peng X, Ma SW, Chen HG, Zhang Z, Zhou YB, Cai WG. Spatial
distribution and assessment of nutrients in marine ranching in
Zhelin Bay-Nanao Island in summer, South China. Fisheries
Science 2014;10:27-35.

Richard P, Riera P, Galois R. Temporal variations in the chemical
and carbon isotope compositions of marine and terrestrial
organic inputs in the Bay of Marennes-Oleron (France).
Journal of Coastal Research 1997;13(3):879-89.

Rumolo P, Barra M, Gherardi S, Marsella E, Sprovieri M. Stable
isotopes and C/N ratios in marine sediments as a tool for
discriminating  anthropogenic  impact.  Journal  of
Environmental Monitoring 2011;13:3399-408.

Sampaio L, Freitas R, Mangus C, Rodringues A, Quintino V.
Coastal sediments under the influence of multiple organic
enrichment sources: An evaluation using carbon and nitrogen
stable isotopes. Marine Pollution Bulletin 2010;60:272-82.

Sangmanee P, Boonphakdee T, Boonkhwang, N. An application of
geographic information systems for wastewater management
based on land use characteristic in Chonburi Province.
EnvironmentAsia 2017;1:626-35.

Sasmito SD, Kuzyakov Y, Lubis AA, Murdiyarso D, Hutley LB,
Bachri S, et al. Organic carbon burial and sources in soils of
coastal mudflat and mangrove ecosystems. Catena 2020;
87:104-14.

Sugimoto R, Kasai A, Yamao S, Fujiwara T, Kimura T. Short-term
variation in behavior of allochthonous particulate organic
matter accompanying changes of river discharge in Ise Bay,
Japan. Estuarine, Coastal and Shelf Science 2006;66:267-79.

Thushari GGN, Senevirathna JDM, Yakupitiyage A, Chavanich S.
Effects of microplastics on sessile invertebrates in the eastern
coast of Thailand: An approach to coastal zone conservation.
Marine Pollution Bulletin 2017;124:349-55.

Verardo JD, Froelich PN, Mclntyre A. Determination of organic
carbon and nitrogen in marine sediments using the Carlo Erba
NA-1500 analyzer. Deep Sea Research 1990;37:157-65.

Watts JEM, Schreier HJ, Lanska L, Hale MS. The rising tide of
antimicrobial resistance in aquaculture: Sources, sinks and
solutions. Marine Drugs 2017;15(6):Article No. 158.

Wehbber JL, Tyler CR, Carless D, Jackson B, Tingley D, Stewart-
Sinclair P, et al. Impacts of land use on water quality and the
viability of bivalve shellfish mariculture in the UK: A case
study and review for SW England. Environmental Science and
Policy 2021;126:122-31.

Wei XG, Zhuo MN, Guo ZX, Zhu LA. Carbon and nitrogen stable
isotope composition of soil, vegetation and suspended



Boonkwang N and Boonphakdee T / Environment and Natural Resources Journal 2022; 20(4): 348-358

sediment in Dongjiang River Basin. International Journal of sources in the Pearl River delta and estuary, southern China,
Ecology and Environmental Sciences 2010;19:1186-90. Estuarine. Coastal and Shelf Science 2010;87:618-30.

Wu Y, Zuang J, Li DJ, Wei H, Lu RX. Isotope variability of Zhou B, Yuan H, Song J, Li X, Li N, Duan L, et al. Source,
particulate organic matter at the PN Section in the East China transformation and degradation of particulate organic matter
Sea. Biologeochemistry 2003;65:31-49. and its connection to microbial processes in Jiaozhou Bay,

YuFL, Zong YQ, Lloyd JM, Huang GQ, Leng MJ, Kendrick C, et North China. Estuarine, Coastal and Shelf Science
al. Bulk organic 33C and C/N as indicators for sediment 2021;260:Article No. 107501.

358



Environment and Natural Resources Journal 2022; 20(4): 359-368

Anatomical and Histochemical Responses of Vetiver Grass
(Chrysopogon zizanioides L. Roberty) to Phytoremediation Ability

of Liquid Batik Waste

Alfera Linggawati”, Maryani, Andhika Puspito Nugroho, and Diah Rachmawati

Faculty of Biology, Universitas Gadjah Mada, Special Region of Yogyakarta, Indonesia

ARTICLE INFO

ABSTRACT

Received: 9 Dec 2021

Received in revised: 8 Mar 2022
Accepted: 24 Mar 2022

Published online: 3 May 2022

DOI: 10.32526/ennrj/20/202100232

Keywords:

Anatomy/ Batik waste/
Histochemical responses/
Phytoremediation/ Vetiver grass

* Corresponding author:
E-mail:
alferalinggawatil5@gmail.com

Due to poor management of Indonesian batik waste, pollutants are discharged
directly into rivers and absorbed from soil, causing environmental pollution. A
phytoremediation strategy was chosen as one of the environmentally friendly and
community-implementable solutions. Vetiver grass (Chrysopogon zizanioides L.
Roberty) is a type of Poaceae plant that is suitable for the phytoremediation
process of batik waste. This study analyzed the anatomical responses, distribution
of secondary metabolites as defense compounds, and the ability to absorb heavy
metals contained in liquid batik waste. Liquid batik waste was applied as plants
irrigation at various concentration (0%, 25%, 50%, 75%, and 100%) for 60 days.
Vetiver grass was able to grow well in the applied concentrations range. The
results showed that vetiver grass roots could absorb Cu metal better than in the
leaves. This plant can be stated to be able to absorb Cu better than Al. Liquid
batik waste significantly (p<0.05) affected most of the observed anatomical
parameters, where concentrations of 75% and 100% were the most influential
concentrations according to the DMRT test with a 95% confidence level. The
histochemical analysis found that there was an increase in the distribution of
lignin, phenolic compound, and terpenoids in the tissues composed of roots and

leaves along with the increase in the concentration of the waste applied.

1. INTRODUCTION

Liquid batik waste is one type of textile waste
that has an impact on the environment. This is due to
the growth of batik industries in Indonesia, especially
Java, after Batik was designated as a UNESCO World
Heritage (Nurainun et al., 2008). However, this is
incompatible with the environmentally friendly
disposal of batik waste. According to Fajar et al.
(2019), only about 0.6% of the batik industry in
Pekalongan has a sewage treatment plant (IPAL),
while the remaining liquid batik waste is discharged
into water bodies (drainage channels or rivers). In the
Special Region of Yogyakarta, especially in Kampung
Batik Giriloyo, most batik producers do not dump
waste into wells or directly into rivers without
filtering (Muliasari and Widiastuti, 2010). This
condition certainly causes risks to the environment
and humans because the complexity of the molecules
used in the batik production process, which consists of

heavy metals, makes batik waste difficult to degrade
(Forgacs et al., 2004). Liquid batik waste has specific
characteristic, thick color, alkaline pH, low in COD
and BOD content (Mukimin et al., 2018), and also
several heavy metals such as, Chromium (Cr), Copper
(Cu), Iron (Fe), Cadmium (Cd), and Alumunium (Al)
(Murti and Maryani, 2020).

There are several strategies to reduce the
environmental impact of liquid batik waste, one of
which is phytoremediation. Phytoremediation is an
attempt to use plants to break down, stabilize, or
remove pollutants from contaminated soil by
leveraging the physiological properties of plants
(Escoto et al., 2019). Plants that act as
phytoremediation agents must show stronger growth
properties than other plants: biomass, non-edible
nutritional properties, complex root systems, ability to
accumulate excess target pollutants, and specific
mechanisms of tolerant stress (Prabakaran et al.,
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2019). Adaptation mechanisms that occur in plants,
especially phytoremediator plants are due to the ability
of plants to develop a series of self-defense
mechanisms, namely increased production of reactive
oxygen species (ROS) and antioxidant compounds,
physical defense through anatomical structural
changes, and increased production of secondary
metabolite defense compounds (Loix et al., 2017; He
et al., 2018; Isah, 2019). Therefore, it is important to
observe the response shown by plants after being
stressed by liquid batik waste in phytoremediation
efforts.

Vetiver grass is a gramineous plant species that
meets these criteria. Vetiver grass is a non-invasive
terrestrial plant species that has high biomass and has
potential to grow on contaminated lands (Effendi et
al., 2017; Effendi et al., 2020). Due to its strong root
composition, this plant is intentionally planted with
the aim of stabilizing the soil to prevent soil erosion
(Mickovski et al., 2005). Vetiver grass is usually
grown on the banks of rivers in border areas or in
culture to extract the essential oils produced by this
plant. Various studies have shown that vetiver grass
can function as a phytoremediation agent in a variety
of contaminated soils, including land contaminated
with crude oil, heavy metals, tofu waste, and wood
waste (Effendi et al., 2017; Gautam and Agrawal,
2017; Seroja et al., 2018; Rahmawan et al., 2019).

Plant defense strategies in the form of
anatomical changes and distribution of secondary
metabolites through histochemical techniques are the
focus of this study. Anatomical changes that occur in
plants are an excellent indicator for determining the
effects of environmental stress on plants (Darmanti,
2015). This is the follow-up response that plants
exhibit after the physiological response of the plant
(Gratani, 2014). Detection of secondary metabolites
by histochemical observations can be used to
determine the distribution and localization of
secondary metabolites that act as plant defense
compounds from liquid batik waste stress. According
to Badria and Aboelmaaty (2020), histochemical
methods describe and track plant growth in ultra-fine-
structured ways so that they can further explain the
genetic basis of plant physiological and biochemical
processes. Anatomical observations of changes in the
structure and localization of secondary metabolites in
tissues are considered indicators for assessing the
ability of these plants to withstand environmental
stress. Through this research, the effectiveness of
vetiver grass in reducing liquid batik waste and the
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responses exhibited by the plant are known, and it is
hope that this plant can be used as an alternative in the
phytoremediation process carried out by the
community.

2. METHODOLOGY
2.1 Preparation and planting procedure

Vetiver grass (Chrysopogon zizanioides L.
Roberty) is obtained from the Center for
Agrotechnology Innovation (PIAT) UGM with a plant
age of approximately 24 months and was cut to a leaf
length of 20 cm to rejuvenate the plant.
Geographically, the sampling location is at the
coordinates of 7°7°47°1.3”S 110°27°48.8”E. The plant
was planted in 2.5 kg of soil in the Greenhouse of the
Sawitsari Research Station, Faculty of Biology,
Universitas Gadjah Mada. The experimental design
used a completely randomized design with five
treatments and six replications. The liquid batik waste
used in this study was obtained from the PC Batik
Production House GKBI Medari, Sleman. Liquid batik
waste was applied by watering for 60 days with as
much as 200 ml with different waste concentrations,
namely 0%, 25%, 50%, 75%, and 100% waste (Po, P1,
P, Ps, and P.). The concentrations of heavy metals Cu,
Cr, and Al in the liquid batik waste and planting media
used were first measured in the laboratory of the
Center for Environmental Health Engineering and
Disease Control (BBTKLPP) in Yogyakarta. The
results of measuring the concentration of batik waste
applied in this study are presented in Table 1.

Table 1. Measurement results on the batik waste

Parameters Unit Results
Total Chrome (Cr) mg/L <0.0095
Copper (Cu) mg/L 0.0130
Aluminium (Al) mg/L 9.8040

2.2 Evaluation of the accumulation ability of Cu
and Al metals in batik waste by vetiver grass

The process of observing the ability to
accumulate metal in batik waste was carried out by
measuring the metal concentrations of vetiver soil
samples, roots and leaves. The plant samples and
growth medium used for phytoremediation were 3
samples in each treatment group. Sample preparation
was carried out by wet digestion method using (HNOs
and HCIO4) (Ratnawati et al., 2019). The metal
concentration in the filtrate was measured using AAS
(Atomic Absorption Spectrophotometry) at BPTP
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Yogyakarta. The efficiency level of heavy metal
accumulation in the tissues was assessed using
formula (1), and the rate of heavy metal transfer from
roots to leaves (TF) was evaluated by the formula (2)
(Takarina and Pin, 2017).

__ Metal concentration in plant organ

BCF =

)

Metal concentration in soil

__ Root BCF value

TF =
Leaf BCF value

)
2.3 Observation of anatomical and histochemical
responses

The anatomical response data of vetiver grass
was obtained through quantitative and qualitative
observations on the anatomical structure of the roots
and leaves of the plant after being treated with batik
waste. Samples were prepared using the Embedding
method according to Sutikno (2014) (Figure 1). Each
root and leaf sample that had been cut approximately
0.5 cm long was fixed using FAA (Formaldehyde
Alcohol Acetic Acid) solution for 24 h, then the
sample was rinsed using 70% alcohol, followed by

graded dehydration using alcohol with a concentration
of 80%, 95%, and 100% each for 30 min, then
followed by the dealcoholization stage using alcohol,
alcohol:xylol with different ratios, then carried out the
infiltration stage using pure paraffininan oven at 57°C
for 24 h. The samples were then made into blocks
using freshly pure paraffin for about one hour. The
samples were then sliced using a rotary microtome
with a thickness of 16 um. The samples were then
stained with a single stain of 1% safranin in 70%
alcohol. The prepared anatomical slides were
observed using a microscope equipped with Optilab
and measured using Image Raster 3 software. The
anatomical parameters of the roots observed in this
study were root diameter, appearance of epidermal
cells, exodermis thickness, cortex thickness,
aerenchyma area (um?), endodermis thickness,
endodermal cell wall thickness, stele diameter,
metaxilem diameter, and number of metaxilem, while
the leaf anatomical parameters observed were the
thickness of upper and lower epidermis, mesophyll
thickness, vascular bundle area (um?), number of
bulliform cells, and bulliform cells area (um?).

Fixation Dehidration

Dealcoholization |—» Filtration

Staining Slicing

Blocking Embedding

Figure 1. Flowchart of the embedding process carried out in this study.

The secondary metabolites of lignin, phenolic
compounds, and terpenoids in the root and leaf tissues
were observed histochemically using the free-hand
section method. Phloroglucin-HCI reagent was used to
observe lignin (Saulle et al.,, 2018), potassium
dichromate (K»CrQ,) to observe phenolic compounds
(Badria and Aboelmaaty, 2020), and CuSO4 5% to
detect terpenoids (Rahayu et al., 2021).

2.4 Data analysis

The observed data were tabulated using the
Microsoft Excel application, then homogeneity and
normality test were performed using the SPSS
application for further analysis of variation (ANOVA)
with a 95% confidence level. ANOVA was conducted
to determine the effect of liquid batik waste in this
study, then Duncan’s Multiple Range Test (DMRT)
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further test was conducted to determine the most
influential treatment in this study.

3. RESULTS AND DISCUSSION
3.1 Heavy metals accumulation on soil and plant
organ after application of liquid batik waste

The liquid batik waste used in this study did not
significantly affect the Cu metal concentration in the
vetiver grass soil and roots (p>0.05). However, the
difference in concentration of liquid batik waste
treatment affected the plant's ability to translocate Cu
from roots to leaves, where the increase in
concentration of liquid batik waste was not
accompanied by the ability to accumulate Cu in the
leaves (Table 2). Vetiver can accumulate Cu much
better in the roots than in the leaves. The higher
BCFroot Value than BCFeas in this study proves this.
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The findings in the study Ghadiri et al. (2018) also
showed that the roots of vetiver grass planted in
polluted land accumulated higher Cu than in their
leaves. The ability of Cu accumulation by vetiver grass

Table 2. Concentration of Cu and Al after batik waste treatment

was influenced by the Cu content in the soil and the
duration of treatment, where the older plants were able
to retain Cu in the roots better than the younger plants
(Danh et al., 2012).

Metal concentration in sample Treatment
Po P1 P2 P3 P4

Cu
Soil (mg/kg) 17.1+3.62 18.0+1.62 17.7+0.92 18.3+1.42 18.3+1.42
Root (mg/kg) 17.4+3.52 17.2+0.92 17.7+1.12 20.4+2.32 20.3+4.72
Leaf (mg/kg) 16.9+4.1° 12.7+0.9b 17.4+2.2° 6.3+0.8? 7.6x£1.22
BCFroot Value 1.06 0.95 1.00 111 1.10
BCFieaf value 1.05 0.71 0.99 0.35 0.42
TF value 0.99 0.75 0.99 0.32 0.38

Al
Soil (mg/kg) 4475.1+167.4° 4286.6+113.1b¢ 4112.6+87.9% 4004.1+£144.32 3912.1+33.3%
Root (mg/kg) 957.0+64.42 1086.8+152.1% 1194.4+102.6% 1054.0+30.7% 1418.9+451.3°
Leaf (mg/kg) 445.8+50.42 453.1+40.28 456.5+23.02 489.6+35.02 481.5+24.12
BCFroot Value 0.21 0.25 0.29 0.26 0.36
BCFieaf value 0.10 0.11 0.11 0.12 0.12
TF value 0.48 0.44 0.38 0.46 0.33

Note: Similar letter notation shows no significant difference in DMRT's test with a significance level 5%. (Po=control (0% concentration); P;=25%
concentration; P,=50% concentration; P;=75% concentration; P,=100% concentration)

On the other hand, the soil and root Al
concentrations of vetiver were significantly affected
by the treatment of liquid batik waste (p<0.05). As the
concentration of batik waste increased, the
concentration of Al in the roots increased. Increasing
the concentration of batik waste lowers the pH of the
soil, leading to the release of toxic AI** by H*, making
this form available to plants (Kinraide, 1997). The
addition of complex metal species (Cd, Co, Cu, Pb,
and Zn) with high concentrations in maize has been
shown to reduce pH, therefore this condition affects
the availability of Zn?* and other metals dissolved in
the soil so that their availability increases (Romdhane
etal., 2021).

Plants can accumulate Al in high
concentrations. Rahman et al. (2018), explained that
woody plants were able to accumulate <1,000 mg/kg,
while monocotyledonous plants such as Oryza sativa,
Glycine max, and Zea mays were able to accumulate
Al at high concentrations of <500 mg/kg. Likewise in
this study, Al in the roots and leaves of the vetiver
grass showed a high concentration compared to the Cu
concentration (Table 2). Nevertheless, the ability of
roots and leaves to accumulate Al, represented by
BCF values, was very low, less than 1. Therefore,
vetiver grass are excluders of Al metal in this study.
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3.2 Anatomical responses

In general, the vetiver grass root anatomy is
composed of single-cell epidermal tissue (Figure 2(a-
e)), the cortex is composed of the exodermis,
aerenchyma, and ordinary parenchyma cells, and the
endodermis with ‘U’ thickening on the longitudinal
wall. The central cylinder is composed of a layer of
perisikel cells next to the endodermis, polyarch xylem
type, phloem arranged between xylem elements, and
pith cells which are isodiametrically shaped. The leaf
anatomy (Figure 2(f-j)) consists of the abaxial
epidermis tissue that has a smaller size and a more
homogeneous/uniform shape compared to the adaxial
epidermis. Bulliform cells are arranged in the center of
the adaxial side of the leaf midrib. Mesophyll tissue is
composed of parenchyma cells, where in the older
leaves, the parenchyma tissue in the mesophyll forms
a wide intercellular space so that aerenchyma is
formed. Sclerenchyma tissue is located inside
direction of the epidermis which is directly opposite
the vascular tissue. Sclerenchyma also surrounds the
transport tissue. Leaf stomata are scattered on the
adaxial and abaxial surfaces.

The concentration of Cu and Al that
accumulates more in the roots causes more
pronounced anatomical changes than in the leaves.
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The results of ANOVA showed that the applied liquid
batik waste had a significant effect (p<0.05) on most
of the root anatomical parameters except for the
number of metaxylem parameters, as well as on most
of the leaf anatomy parameters except for the number
and bulliform cells area (Table 3). DMRT’s further
test with a significance value of 95% showed that the
high concentration of waste treatment, namely 75%
and 100%, was the concentration that had the most
effect on increasing the measurement results of each
anatomical parameter. Similar discoveries were found
in the plant Phragmites australis (Cav.) Trin. Ex
Steud. namely that the toxicity of various heavy metals
(Mn, Zn, Cu, Pb, Cr, Ni, and Cd) causes degradation
of the root epidermis, significant reduction in air
space, and an increase in cell size in the endodermal
tissue of these plants (Minkina et al., 2018).

The anatomical response indicated by the
structure of vetiver grass roots is the form of defense
to block the metal movement to the central cylinder
and translocated to leaves, as also found in research by
Gomes et al. (2011) in Brachiaria decumbens. The

apoplastic barrier in the roots consisting of the
epidermis, exodermis, and endodermis is the structure
most affected by the occurrence of liquid batik waste
stress in this study. Figure 3 shows the occurrence of
damage to the cells that make up the epidermis
accompanied by an increase in the thickness of the root
exodermis. Figure 3(a) shows that at control treatment
epidermal tissue is still exist, while in plants with high
treatment concentrations (75% and 100%) it appears
that there is a thickening of the exodermis as a
compensation for the damage to the epidermal cells
(Figure 3(b-c)). The location of the epidermis which is
in direct contact with the environment allows the
epidermal cells to experience oxidative stress,

resulting in a thin cell wall that has the potential to
damage the tissue (Gomes et al., 2011). Damage to
epidermal cells is accompanied by thickening of the
epidermal and endoderm cells, which act as a root
apoplast barrier. Restricting the movement of toxic
ions occurs by thickening these two structures (Liska
et al., 2016).

Figure 2. Cross section of roots (a-e) and leaves (f-j) of vetiver grass after treatment of batik waste for 60 days of observation. Desc: (a)
Po (Control), (b) P1 (Concentration 25%), (c) P2 (Concentration 50%), (d) Ps (Concentration 75%), and (e) P4 (Concentration 100%).
[ae=aerenchyma; st=stele; ep=epidermis; ex=exodermis; en=endodermis; ms=mesophyll; xy=xylem; ep-a=adaxial epidermis; ep-

b=abaxial epidermis; ph=phloem; bs=bundle sheath] Bar=50 pm

Figure 3. Comparison of appearance of epidermal cells after batik waste treatment. (a) Po (Control), (b) P3 (Concentration 75%), and (c)
P4 (Concentration 100%). [Red arrow=epidermal cells; Blue arrow=exodermis cells; Black arrow=markers of epidermal cells have been

degraded] Bar=50 um
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Table 3. Measurement results on the anatomical parameters of vetiver grass roots after batik waste treatment

Anatomical parameters

Measurement result (pm)

Treatment

Po P1 P2 P3 P4
Root
Root diameter 604.59+77.80° 465.73+54.80? 518.75+76.00? 678.32+156.40° 683.52+18.00°¢
Exodermis thickness 11.26+3.20? 14.66+3.70° 15.44+4.20%° 18.35+5.90% 21.21+3.70¢
Cortex thickness 168.24+22.50b¢ 134.34+13.602 147.31+17.80%® 195.11453.30¢ 188.64+25.20%
Aerenchyma area (Um?) 4,689.67° 2,651.332 4,644.07° 5,333.27° 6,375.40°
Endodermis thickness 14.74+1.50%° 10.84+1.60? 12.94+2 80 15.85+5.60¢ 12.68+4.40%
Endodermal cell wall thickness 2.59+0.502 2.54+0.402 4.08+2.00°¢ 3.44+1.00% 3.20+0.90%
Stele diameter 258.65+25.90° 212.37+27.20% 231.58+42.90% 309.56+62.30°¢ 305.48+26.10°
Metaxylem diameter 44.52+8.10 34.51+£12.102 37.82+5.40% 55.22+11.50¢ 48.33+10.20%
Number of metaxylem 9.0£7.22 6.0£1.72 6.0£2.8% 6.0£1.02 6.0£2.6%
Leaf
Adaxial epidermis thickness 13.32+2.90° 12.27+2.50° 10.89+1.60? 13.77+1.60° 12.13+4.50°
Abaxial epidermis thickness 17.02+6.30? 17.43+5.60° 19.01+2.50? 21.06+3.602 18.61+7.50?
Mesophyll thickness 252.46+124.50° 167.75+28.34° 107.15+49.40° 111.69+40.20° 180.35+60.90°
Vascular bundle area (Lm?) 7,676.34¢ 5,313.97° 3,223.30% 3,115.152 5,155.85%
Number of bulliform cells 9.04£0.0? 10.0+1.22 9.0+1.5° 9.0+1.72 9.0+1.27
Bulliform cells area (um?) 6,650.762 11,105.208 12,493.892 9,819.172 10,677.062

Note: Similar letter notation shows no significant difference in DMRT's test with a significance level 5%. (Po=control (0% concentration); P;=25%
concentration; P,=50% concentration; P;=75% concentration; P,=100% concentration)

The defense response of vetiver grass from
liquid batik waste stress was also demonstrated by the
intercellular space of aerenchyma along with the
increase in waste water concentration. In vetiver grass,
aerenchyma is a common structure found in the root
cortex and leaf mesophyll tissue. Even so, stressful
conditions allow aerenchyma development to be more
intensive in aquatic and semi-aquatic plants (Rajhi and
Mhadhbi, 2019). Aerenchyma development occurs
influenced by programmed cell death (PCD) in
cortical cells that are affected by ROS (Steffens et al.,
2011).

The low concentration of Cu and Al that can
accumulate in the leaves causes the response to
anatomical changes that occur in the leaves is not so
significant, where there is no damage to cells or tissues
due to stress (Figure 2(f-j)). Changes occur in the form
of an increase in the thickness of the adaxial and
abaxial epidermis, as well as an increase in the area of
vascular tissue in the leaves, and a decrease in the
thickness of the mesophyll (Table 3). Similar findings
also occurred in Potamogeton plants that were stressed
by several heavy metals (Zn, Cu, Pb, and Cd) showing
similar results to this study, such as a decrease in leaf
thickness, an increase in adaxial and abaxial epidermal
cell size (Al-Saadi et al., 2013). According to
Thongchai et al. (2021), the increase in epidermal
thickness is caused by the effect of growth medium,
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which increases the amount of heavy metals that can
be absorbed into the epidermal layer and then
deposited on the epidermal cell wall.

3.3 Histochemical observation

Secondary metabolites are compounds that have
arole in plant adaptation to environmental stress. High
levels concentrations of secondary metabolites can
make plants more resilient to environmental stress
(Mazid et al., 2011). Histochemical techniques allow
for qualitative analysis of secondary metabolites
related to plant tissue deposition. Table 4 shows the
difference in the level of color density due to the
distribution of secondary metabolites in the tissues
that make up the roots and leaves and the reaction
results with the reagents used. Liquid batik waste has
an effect on the level of reaction color density and
distribution of idioblasts as the concentration
increases.

Lignin is a major compound that forms the
secondary cell wall which plays a role in maintaining
the strength and impermeability to water in plant
tissues (Tao et al., 2009). Therefore, the reddish color
change caused by the reaction with phloroglucin-HCI
is seen in cells with thick cell walls, such as on root
exodermis, endodermis, xylem cell wall in roots and
leaves, as well as on sclerenchyma cell walls in leaves.
Lignin is one of the product compounds of the
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phenylpropanoid pathway, which is part of the
shikimate pathway in the synthesis of phenolic
compounds (Printz et al., 2016). Lignin deposit that
have undergone a biosynthetic process are then
polymerized on the cell wall by peroxidase and
laccase (Alejandro et al., 2012). The production of
lignin is strongly influenced by the activity of the
enzyme Phenylalanine Ammonia-lyase/PAL, where
its activity is strongly influenced by the environment,
especially heavy metals. Research on the Prosopis

glandulosa plant from oxidative stress after
exposure to heavy metals Cd and Cu (concentration of
Cd?* 0.001 M and Cu?" 0.52 M) for 96 h, showed
an increase in PAL enzyme activity in the
phenylpropanoid pathway which caused an increase in
the production of phenolic compounds and flavonoids
which has a role as a non-enzymatic antioxidant and
protects the plant (Gonzélez-Mendoza et al., 2018).
This qualitatively illustrates the effect of liquid batik
waste on the lignin content of vetiver grass.

Table 4. Distribution of secondary metabolites in root and leaf tissue of vetiver grass after batik waste treatment

Type of Reaction on root and leaf tissue?
secondary Py P, P, P,
metabolites

Lignin

Phenolic
compound

Terpenoid

Y

Note: Yellow arrows indicate lignin compounds, red arrows indicate phenolic compounds, and blue arrows indicate terpenoids in plant tissue. (Po=control

(0% concentration); P;=25% concentration; P,=50% concentration; P;=75% concentration; P,=100% concentration)
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The phenolic compounds in this study were
observed by the reaction that occurred between these
compounds and 5% potassium dichromate (K2CrO,)
reagent and showed a brownish yellow color (Table
4). As a common reagent, potassium dichromate is
capable of detecting phenolic compounds in tissues
with different concentrations depending on the
concentration of the target compound in the tissue
(Badria and Aboelmaaty, 2019). The distribution and
localization of phenolic compounds were more as
idioblasts in the root cortex tissue and increased along
with the increase in the concentration of liquid batik
waste that was applied. This is related to the defense
mechanism of these plants from liquid batik waste
stress in this study. Research conducted by Melato et
al. (2012), explained that there was an increase in the
content of phenolic compounds in vetiver grass after
receiving heavy metal stress Fe, Pb, Ni, As, Zn, Cu,
and Cr which were measured quantitatively using
spectrophotometry. It was further explained that this
occurs because phenolic compounds are related to
plant defense mechanisms against environmental
stresses in the form of heavy metals and other stresses.
Although no quantitative observations were made in
this study, increased levels of color density and
distribution of idioblast blasts explained high
concentrations of phenolic compounds in tissues.

In line with observations on lignin and phenolic
compounds, the distribution of terpenoids in vetiver
grass was also affected by the applied liquid batik
waste treatment. In addition to being found in the cell
walls of the xylem constituents in roots and leaves,
terpenoid compounds in roots are more commonly
found in the form of idioblast structures distributed in
the root cortex tissue. The same finding was also found
in undifferentiated cells in Cinchona ledgeriana
Moens culture which was observed for terpenoid
compounds using 5% CuSO, reagent (Pratiwi et al.,
2020). In leaves, terpenoids are also found in the leaf
cuticle because the cuticle is composed of terpenoid
and flavonoid compounds that are involved in defense
mechanisms from biotic and abiotic (Singh et al.,
2018; Ziv et al., 2018).

4. CONCLUSION

Vetiver grass was able to accumulate Cu metal
better than Al contained in liquid batik waste used in
this study, and its storage capacity was better in the
roots than in the leaves. Therefore, the root structure
shows a more pronounced anatomical response than
the leaves. ANOVA showed that the treatment of batik
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waste significantly affected the anatomical response at
most of the observed parameters (p<0.05). The
histochemically observed distribution and localization
of secondary metabolites in the roots and leaves of
vetiver  showed an increase  with increasing
application concentration.
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This study evaluated the extractability and bioavailability of Phosphorus (P)
recovered from waste activated sludge (WAS) so as to reduce dependence on the
import of non-renewable P resources. P extraction was carried out using sulfuric
acid (H2SO4). A response surface methodology was used to optimize conditions
for the chemical leaching of WAS. The results showed the optimum condition
for leaching WAS with 0.1 mol/L H2SO4 for 30 min, resulting in 97% P released.
The efficiency of P recovery by P precipitation was associated with pH value and
Mg:P. At pH 7,9, and 11, P recovery was 92, 92, and 91% with uncontrolled Mg
and 93, 93, and 92% with sea salt (Mg:P, 2:1), respectively. However, the yield
of the produced struvite was much lower compared with that of added sea salt.
From elemental analysis, the yield of struvite precipitated at pH 9 of Mg:P, 2:1
was about 26%, and the total P content of the precipitate was 12%. Available P
was almost 80% after 35 days of operation, which was higher than that of
commercial fertilizers. Results of this study are expected to provide fully
comprehensive information to decision-makers regarding the suitability of
implementing P-composite matter recovered from WAS. This will also help close

the loop of the P cycle for food cultivation in the human ecosystem.

1. INTRODUCTION

Phosphorus (P) is an essential element for all
living organisms and plays an important role as a
fertilizing nutrient in agriculture. Moreover, P is one of
the limited and nonrenewable resources and is required
for food production (Withers et al., 2015). More than
85% of mined phosphate rock (PR), is used to produce
P fertilizer (Geissler, 2015). Notably, the demand for P
fertilizer for food production will increase significantly
due to the growing world population, predicted to reach
nine billion people in 2050 (Chen and Graedel, 2016;
Geissler, 2015). PR is rapidly being depleted and is
reserves are available in some geographical areas of the
world such as Morocco, China and the USA (Van
Vuuren et al., 2010). PR reserves are expected to
dwindle inthe next50 to 100 years (Cordell and White,

2014). Consequently, P recovery from any P-rich
residues has attracted considerable attention.

Among  P-composite  residues, domestic
wastewater contains 5 to 20 g of P (in ortho-phosphates
and organic compounds) in one cubic meter (Li et
al., 2015). Biological nutrient removal is the most
widely used technique to treat domestic wastewater.
Phosphates are taken up in excess of normal metabolic
requirements and then stored as intracellular bio-
polymer polyphosphate (poly-P) within  poly-P
accumulating organisms (PAQOs) (Chen et al., 2012;
Wang et al., 2017). In the intervening time, PAOs are
enriched by recirculating the waste activated sludge
(WAS) (Koderaet al., 2013). Consequently, WAS, as a
major byproduct derived from biological WWTP,
accumulates a substantial amount of P leading to P
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removal, in which over 90% of P is transferred to WAS
(Balmer, 2004). Considering WAS is continuously
produced in large amounts during biological nutrient
removal (Wang et al., 2018; Xu et al., 2018; Zhao et al.,
2017), P recovery from plentiful, inexpensive WAS has
received increasing attention.

According to the work of Thitanuwat et al.
(2016), P at the end of pipes in Bangkok Metropolitan
Administration (BMA) was reported to come from
domestic wastewater, septage sludge, and green
garbage. Only 4% was recycled in public parks. In
Bangkok, most solid wastes go directly to landfills,
which are sinks for P resource and can potentially be
used for P recycling. This constitutes 81% of
discarded P. Moreover, an annual average of 2,116.7 t
P is generated from domestic wastewater in the BMA.
WAS is a major byproduct from WWTP in the BMA
with 16.3 g P/kg or about 63% (456.1 t Plyear)
disposed in landfills. In addition, it also contains
considerable amounts of P, about 356 mg P/L, together
with components valuable for potential fertilizers such
as Mg and Ca. WAS, on the other hand, is
contaminated with human disease agents such as
feces-borne coliform bacteria, viable helminth eggs,
and active parasite cysts. Hence, fresh sewage sludge
should not be disposed on land unless it has
experienced pathogen diminishment (Sreesai et al.,
2013). Therefore, direct application of WAS on
agricultural fields is prohibited.

Although research on P recovery from sludge by
struvite crystallization has been conducted, the method
of effective P extraction from sludge requires further
study. Finding economical and environmental-friendly
methods to fully extract P from WAS is undoubtedly
the first step to effectively recover P elements (Tong
and Chen, 2009). Thus, many pretreatment processes of
excess sludge have been developed. Wang et al. (2013)
has reported that 92.8% of the P was recovered in the
supernatant from electrochemical pretreatment (EPT)
enhanced by anaerobic fermentation (AF) WAS.
Leaching is the process of liquifying minerals to
remove minerals from a solid. Leaching with acidic or
alkaline solutions to recover P from sewage sludge ash
and sewage sludge has been reported by (Fang et al.,
2018; Shiba and Ntuli, 2017). Many different types of
leaching agents include H,SO4 (Liang et al., 2019;
Ottosen et al., 2013), HCI (Xu et al., 2012), HNO;3
(Gorazdaetal., 2016; Sano et al., 2012), and oxalic acid
(Liang et al., 2019). Among these extractants, H.SOs is
widely used because of its low cost and high efficiency

extraction yield. The factors affecting extraction of P by
H,SO, include reaction time, H,SO, dosages, reaction
temperature, and ratio of sludge/leachate (Fang et al.,
2018; Shiba and Ntuli, 2017). Atienza-Martinez et al.
(2014) used H,SO. as the extraction agent, and the
extraction yield of P from Sludge Incinerated Bottom
Ash (SIBA) was 85% after 2 h reaction. Donatello et al.
(2010) extracted P from SIBA with H,SO, and obtained
a P extraction yield of more than 80%. Based on these
facts, H.SO4 was selected as the extraction agent in this
study. Therefore, determining the effect of sludge
chemical leaching methods on P recovery as struvite
was necessary.

Recently, P recovery from wastewaters by
chemical precipitation has been widely investigated.
Struvite is a crystalline substance obtained from the
input of chemicals including an alkali source for pH
adjustment and an Mg source needed to achieve at
least equimolar concentrations (1:1) of Mg?* and
PO4* in the alkali pH solution. It could be used as P
fertilizer or as a raw material for P-composite
fertilizers (Rahman et al., 2014; Vaneeckhaute et al.,
2017). Regardless of the total amount of P in the
compost, the origin of the organic waste influences the
type and fractions of P forms, which might alter P-
bioavailability (Frossard et al., 2002). Due to the
existence of low solubility P, struvite has been
considered an excellent P fertilizer and is frequently
described as a slow release fertilizer. (Ackerman et al.,
2013; Talboys et al., 2016).

The  aforementioned  wastes  comprise
recoverable P, in which pre-treatment is needed to
concentrate P from wastes prior to recovery process.
However, very few studies in Thailand have been
carried out to recover P before landfilling or
incineration. Therefore, appropriate methods to
recover P from such wastes to close the P cycle loop
for production in the human ecosystem should be
explored. Successful results of this study are expected
to pave the way for implementing engineering
processes for P recovery nationwide. These will help
save the cost of imported fertilizer, and protect the
environment from eutrophication, due to excessive P
discharge. This study aimed (i) to evaluate the
efficiency of chemical P extraction from WAS using
sulfuric acid and study the feasibility of engineering
and economic P recovery processes; (ii) to investigate
speciation of P-composite materials obtained from
precipitation of P-containing supernatants produced
from chemical P extraction processes; and (iii) to
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investigate the P-bioavailability from the recovered P
product, in comparison with commercial fertilizers.

2. METHODOLOGY
2.1 Waste Activated Sludge (WAS)

The WAS used in this study was collected from
the secondary sedimentation tank of Nong Khaem
water quality control WWTP, BMA, Thailand. After
collecting, the characteristics of WAS were measured,

Table 1. Characteristics of waste activated sludge (WAS)

then stored in sealed plastic containers at 4°C, prior to
use. The main characteristics of WAS are shown in
Table 1, which demonstrates that the samples
contained P, Ca, and Mg as major elements. The total
solids (TS) content of WAS was diluted with distilled
water to 3% of solid content, (w/v) which remains the
average TS content found in general WAS (Zhang et
al., 2020), to ensure consistency before acid leaching.

Parameter Value Unit
Total phosphorus (TP) 356.00+£12.47 mg/L
Soluble phosphorus 48.05+0.37 mg/L
Chemical oxygen demand (COD) 16,304.00+10.30 mg/L
Magnesium (Mg) 155.37+0.06 mg/L
Ammonia (NHs) 168.70+17.03 mg/L
Calcium (Ca) 226.93+2.00 mg/L
Total solids (TS) 35,100.00+24.30 mg/L
Percentage of volatile solids of total solids (VS) 52.28+3.40 %
Total suspended solids (TSS) 31,000.00+£23.21 mg/L
Percentage of volatile suspended solids of total suspended solids (VSS) 53.72+2.27 %

2.2 Soil

The soil selected for this study was taken from
the upper layer (depth 15 cm) of an agricultural field
in Nakhon Pathom, Thailand. The soil was dried for
24 h at room temperature. The dried soil was sieved to
obtain a fraction >1 cm. and P content was determined
by the colorimetric method using vanadomoly-
bdophosphoric acid and UV-spectrophotometer. The
soil contained total P content of 0.005 mg/g dry
weight.

2.3 Chemical leaching tests

In chemical leaching tests, 500 mL of WAS (3%
of solids content) was mixed with H,SOs, to prepare
four different concentrations of H,SO. (0.01, 0.05,
0.10, and 0.50 mol/L). The mixture was stirred at 200
rpm using a Jar tester at ambient temperature (20 to
25°C). For P extraction, experiments were conducted
in triplicate at varying reaction times (15, 30, 45, 60,
90, and 120 min). After leaching treatment, the
mixture was separated using 10 pm filter paper
(Whatman No. 93). Subsequently, the filtrates
determined PO*, Mg, and Ca. The sludge residue was
dried at 105°C for 24 h. After drying, it was used to
analyze remaining P.

2.4 Optimization and prediction model
The response surface methodology (RSM) of
Design Expert 13 Software licensed to the Faculty of
Graduate Studies, Mahidol University was used to
determine the optimum condition for the leaching
process, which could be used to optimize the factors
including reaction time and acid concentration
(Anderson-Cook et al., 2009; Coetzer et al., 2018). The
l-optimally with 16 runs was used. The interactions
among the variables and responses to P extraction were
determined from the analysis of variance (ANOVA).
To quantify the quality of the quadratic prediction
models, model terms statistical significance, coefficient
of determination (R?), probability (P-value) with 95%
confidence level, and (t-test) at 5% significance level
(Prob<0.05) were determined. Moreover, the 3D
surface was created to identify the optimum region.
Thus, a mathematical model was developed following
a second order polynomial as shown in Equation (1).
Y= Bo+ BiA+ BB+ BiA% + B;B* + B;;AB 1)
Where; Y is percentage of P extraction response,
Bo, Bi, PBi, Pii, Pji, and Bij are constant, linear effect,
quadratic effect, and interaction effect coefficients,
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respectively; A and B represent the independent
variables, viz., reaction time and acid concentration.
2.5 P precipitation

Precipitation tests were conducted for P
recovery. The leachate obtained from the optimum
condition of leaching process was used as the P-stock
solution. In the experiment, two different Mg?*:PO,*
molar ratios (1.07:1(uncontrolled) and 2:1 (sea salt
addition)) were used. For Mg/P=2, sea salt was added
as the external source of Mg. The pH of all cases was
controlled at 7, 9, and 11 by dropwise addition of 50%
sodium hydroxide solution at the beginning of each
experiment. These experiments were conducted three
times at ambient temperature. The stirring velocity
was initially set at 3.33 Hz for 15 min, slow mixing at
1.25 Hz for 30 min, followed by settling for 1 h. After
settling, the mixture was separated using a 10 pm filter
(Whatman No. 93). Finally, the precipitates formed
during this process were separated by filtration and
oven dried at 103°C for 24 h. After that, the dried solid
precipitates were determined for P-containing solids.

2.6 Phosphorus bioavailability procedures

Pot experiments were carried out to compare P-
bioavailability of P-solids precipitates (PSP) obtained
from this study with that of commercial fertilizers such
as monophosphate (MP) and diammonium phosphate
(DAP). The experiments were conducted in plastic
pots (size 0.11 m x 0.005 m?) filled with soil in
triplicate for each experiment. Those three fertilizers
were measured to 100 mg P per pot (15 g P/m?). The
control (blank) pot contained soil without added P
fertilizer. The fertilizer in each pot and blank pot were
dissolved with pH 6 tap water 90 mL daily equivalent
to the amount of annual rainfall of the country. The
experiments were generated until 35-day test duration.
Samples were collected daily to analyze P content.

2.7 Analysis and calculations

The total Kjeldahl nitrogen (TKN), TS, VS,
TSS, VSS, COD, and total ammonia nitrogen
concentrations were measured according to standard
methods (APHA, 2012). Mg and Ca were measured
with an atomic adsorption spectrophotometer. Data
were expressed using mean value and standard
deviations (SD). Independent T test and One-way
analysis of variance (ANOVA) were used to
determine whether statistically significant differences
existed among the leaching experiments, 16 runs for
acid leaching of P recovery, P-bioavailability and

percentage P content in solids and liquids. All tests
were performed using SPSS Software, 18.0 for
Windows licensed to Mahidol University.

2.7.1 P recovery

The P recovery efficiency defined in Equation
(2) was determined by the difference of initial and
final PO, concentrations in experiments, as shown in
Equation (2).

PO3™—Plinitiai—[PO3 —Plg
[[ 4 ]m;t_lal [ 4 ]fmal] x 100
[PO3™—Plinitial

(%) Precovery = 2

Where; [PO4> - Plinitar is the initial phosphate
concentrations, mg/L and [POs* - Plfina is final
phosphate concentrations, mg/L.

2.7.2 Phosphorus crystal content
Phosphorus crystal content was calculated,
following Equation (3).

Cs X MW of P crystal

P crystal content (%) = [ m

] x100 (3)

Where; Cs is the molar concentration of limiting
ions (mol/L), the molecular weight of P crystal formed
(g/mol) and M is the number of solids formed in the
precipitation experiment (g/L).

2.7.3 P bioavailability
P bioavailability was computed, as shown in
Equation (4).

Pmixt — Blank,

% P release efficiency = x 100

Pinitial “)

Where; Pmixt is the mixed concentrations of
dissolved P from the pot at time=t, mg, Pinitiai is Start
phosphorus concentrations (mg) in each fertilizer,
Blank' is dissolved P concentration of soil (Blank pot)
at time=t (mg).

3. RESULTS AND DISCUSSION
3.1 Optimization of the extraction parameters by
RSM and ANOVA

The results collected from these experiments
were fitted in a quadratic polynomial model and
regression coefficients obtained. To determine the best
model for the response (%P extraction), standard
deviations, the predicted sum of squares, and R-
squared values were compared (Cornell et al., 2011,
Iweka et al., 2021).

The resulting ANOVA data are shown in Table
2. It could be seen that the significant model terms
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comprised time (A), acid concentration (B), the two-
level interactions of time and acid concentration
(AxB) and the quadratic effect of acid concentration
(B?) indicating that those terms greatly influenced %P
extraction. Based on the mathematical calculations for
a good-fit model, the amount of the variation in the
response must be close to one (Onsekizoglu et al.,
2010). According to the correlation coefficients (R?)
value obtained in this study for P extraction was
0.9889; a good fit between models and experimental
data could be concluded. Moreover, the adjusted
correlation coefficient, R? (adj) was 0.9833. F-tests for
“lack of fit” were used to assess the model’s
suitability. The “lack of fit” in P extraction, was
insignificant, with F-value of 0.7080 and p-value of
0.6430, respectively. This confirmed the model's
suitability for explaining this process (Falowo et al.,
2019). To make predictions about the response for
given levels of each factor, an equation in terms of
coded factors could be used. In other words, this
equation is useful where identifying the relative
influence of a factor is important and is accomplished
through comparing the factor coefficients against one
another. Effective mathematical models as functions
of the coded variables for P extraction have been
proposed as shown in Equation (5):

%P extraction = +121.25 + 32.20A + 285B —
1.38AB — 53.25A% — 1.6B?

®)

Where; A is the reaction time (min), B is the
acid concentration for chemical leaching (mol/L), for
extraction P (min). This equation describes the created

Table 2. Analysis of variance table for P extraction

model and gives solutions for the dependent variable
based on the independent variable combinations,
whether they are significant in the response.
Optimization of the reaction parameters by response
surface methodology (RSM) described by the
regression model in Figure 1. Based on the above
discussed, both time and acid concentration are
important factors for the leaching efficiency of P.
The Figure also shows that increasing acid
concentration and time affected into increased %P
extraction efficiency. However, the leaching
efficiency decreases slightly when acid concentration
increased above 0.45 (mol/L). As can be seen, this
model forecast that optimum values to obtain the
highest value of P extraction are: 30 min of reaction
time and 0.1 (mol/L) of acid concentration.

/) i 45

Phosphorus extraction (%)

0.13 o 45 9

B: Acid concentration : :
A: Time(minutes)

(mol/L)

001 15 3

Figure 1. 3D-surface plot for P-extraction in respect to the most
influential parameters, i.e., Time and acid concentration (ambient
temperature).

Source Sum of squares df Mean square F-value p-value
Model 6463.56 5 1292.71 177.39 <0.0001 Significant
A-Time 171.37 1 171.37 23.52 0.0007
B-Acid concentration 5036.23 1 5036.23 691.10 <0.0001
AB 39.54 1 39.54 5.43 0.0421
A2 9.25 1 9.25 1.27 0.2861
B2 3854.31 1 3854.31 528.91 <0.0001
Residual 72.87 10 7.29
Lack of Fit 30.21 5 6.04 0.7080 0.6430 Not significant
Pure Error 42.67 5 8.53
Cor. Total 6536.44 15
R2 0.9889
Std. Dev. 2.70 Adjusted R2 0.9833
Mean 83.81 Predicted R? 0.9783
CV.% 3.22 Adeq. Precision 35.1792
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3.2 P recovery via precipitation and P-containing
solids speciation

To confirm the feasibility of P recovery from
WAS as magnesium ammonium phosphate (MAP)
and hydroxyapatite (HAP), P crystallization from the
leachate obtained from the optimum condition (0.1
mol/L, 30 min) followed by speciation of precipitates
formed were conducted. The reactions of MAP and
HAP and their solubility product constants are
presented in Equations (6) and (7), respectively.

MgNH,PO,(s) = Mg?*(aq) + NHj (aq) + PO} (aq) (6)
Ca3(P0,),(s) = 3Ca?*(aq) + 2P03(aq) @)

As illustrated in Figure 2, the efficiencies of P
recovery from the WAS leachate under uncontrolled
magnesium (Mg/P=1.07) were 92, 92, and 91% at pH
7, 9, and 11, respectively. Similarly, for sea salt
addition (Mg/P=2), the P recovery efficiencies at pH
7,9, and 11 were 93, 93, and 92%, respectively. These
results indicate that both pH and molar ratio of Mg/P
do not affect the %P extraction. However, it is obvious
that efficiencies of P recovery for all cases decreased
when using pH=11. Previous studies found that a wide
range of molar ratios of Mg/P can be used for struvite
precipitation (Khaita and Polprasert, 2019; Pinatha et
al., 2020). In addition, P recovery efficiency was
highly influenced by Mg/P ratios (Maekawa et al.,
1995). Perera et al. (2007) reported that increasing the
molar ratio of Mg/P increases supersaturation,
resulting in more nucleation and crystal growth, but
the final pH limits any further precipitation. Similarly,

the work of Beal et al. (1999) found that recovery P
from swine waste as struvite could be increased with
increasing of molar ratio of Mg/P from 0.25 to 1.1
using MgO addition with pH more than 8. Moreover,
some studies showed that the Mg source is one factor
affecting struvite precipitation. Barbosa et al. (2016)
investigated the effect of different Mg sources on P
crystallization efficiency from source separated urine,
99% P recovered as struvite was achieved when using
MgO as Mg source. However, the different finding
may be that the different type of supernatants used in
P recovery.

The percentage of various types P-containing
solids generated from this experiment also was
calculated based on the proportion of P in each
compound detected. Based on the results, the %MAP
increased when sea salt addition was applied. The
higher MAP% was found with sea salt addition
(Mg/P=2) while the percentage of MAP were only 2
to 5% for uncontrolled Mg (Mg/P=1.07) at pH 7, 9,
and 11. The highest MAP of 26% was found at pH 9
under addition of sea salt (Mg/P=2). This would mean
that molar ratio of Mg/P affected to the formation of
MAP in this study.

In case of %HAP, the results also show that
%HAP under sea salt addition was higher than
uncontrolled Mg condition, 8-12% of HAP for
Mg/P=2 and 3-5% of HAP for Mg/P=1.07. As
discussed above, pH 9 with the addition of sea salt was
chosen to be an optimum condition for production of
P-containing solids which was used in the P-
bioavailability.

8%

3
~ 7%
2 \
=
7%
9%
- 8%
8%
e U |
0% 20% 40% 60% 80% 100%
mHAP % wMAP% =P in other solids % soluble P (%)

Figure 2. Speciation of P-composite precipitates recovered from WAS under different experimental conditions.
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3.3 P recovery as different P fertilizer

The percentage of P content in the precipitates
is an important measure for developing an alternative
P fertilizer. Table 3 shows a comparison of the percent
P content in the solids precipitated from this study and
the commercial P fertilizers. The percent P content in
the precipitates was in the range of 7-12% for both
uncontrolled magnesium (Mg/P=1.07) and sea salt
addition (Mg/P=2) with pH from 7 to 11. The highest
%P in solids for all cases were found at pH 9, 11% P
in solids for Mg/P=1.07 and 12% P in solids for
Mg/P=2, which were higher than that of commercial

superphosphate (SSP) fertilizer (8.8% P). Therefore,
the P-containing solids obtained from both
experiments can be used as an alternative P fertilizer.
In addition, the precipitates from other experiments
with P content less than 8.80% can be used as soil
conditioner due to their good nutrient qualities,
especially P (Lind et al., 2000). Hence, P-solids
precipitates obtained from WAS can be effectively
used to produce fertilizer for agricultural crops to
achieve the sustainable P management helps to
strengthen Thailand’s food security.

Table 3. A comparison of P content in solid precipitate of this study and commercial P fertilizers

P recovery from WAS (This study)

Commercial P fertilizer

Mg/P ratios pH %P content in solid P fertilizer Formula %P205 %P
precipitate (%dry wt.)

1.07 pH 7 8 Superphosphate 0-20-0 20 8.80
pH 9 11 Triple super-phosphate 0-46-0 46 20.24
pH 11 7 Diammonium phosphate 18-46-0 46 20.24

2 pH 7 11 Monoammonium phosphate 11-52-0 52 22.88
pH 9 12
pH 11 9

3.4 P bioavailability from WAS recovered product

Comparison of P-bioavailability of P-solids
precipitates (PSP) obtained from WAS and
commercial fertilizers including DAP and MP was
determined by solubility of P compounds in water at
pH 6.15 g P/m? of these P-fertilizers was dissolved in
90 mL of water for 35-day as shown in Figure 3. The
results showed that the highest %P release (more than
5%) was found when DAP was applied. Moreover, %P
release from DAP increased with increasing time of
dissolution. However, it decreased after dissolution for
one week. Compared with DAP, MP has lower %P
dissolved efficiency (below 3%). It then slightly
decreased after the fifth day. However, for PSP, the
results showed that an increase in time provides high
%P release efficiency. The highest %P dissolved
(nearly 4%) from PSP was found at the middle of the
experimental period (Day 17") and it then dropped
lower than 1%. The results indicate that P from both
DAP and MP were fast-release fertilizers which is may
be inappropriate for growth of plants. At the end of
experiment, the amount of P released along with water
dissolution (pH 6) was calculated so as to evaluate the
amount of P that remained in the pot. The DAP, MAP,
and P-precipitating solid were 47%, 31%, and 20%
soluble into water after 35 days, respectively. The

amount of P remaining in the soil is 7.92 g P/m? of
DAP, 10.32 g P/m? of MP and 11.80 g P/m? of PSP
which means that about 53%, 69%, and 80% of P in
commercial fertilizers (DAP and MP) and PSP
remained in the soil, respectively, indicating that PSP
has the highest bioavailability for plant uptake.

3.5 Economic assessment

Finally, to complete the results of this study, the
analysis of the costs of P recovery process and the
possible gains from the sale of the resulting product
have been calculated based on the method by Pinatha
et al. (2020). Table 4 depicts the potential economic
savings for P recovery from the leachate obtained at
the optimum condition. The results showed that the
highest P-containing precipitates of 0.23 kg P/m® was
found when using pH 9 with sea salt addition. It noted
P-containing solids based on the amount of produced
precipitates and %P content in solids. The results also
found that the precipitates contained 8% and 7% P
content were achieved at pH 7 and pH 11 with molar
ratio of Mg:P=1.07:1.00. However, the higher amount
of precipitates was obtained from pH 11. This resulted
in the amount of P-containing solids at pH 7 was lower
than pH 11 with the same Mg:P ratio (1.07:1.00).
Chemical additions, especially sulfuric acid, are the
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major costs of the process due to the extraction of P
(pH lower than 1). This also resulted in the large
amount of 50% NaOH used to adjust pH in the step of
precipitation at pH 7 to 11. Therefore, when average
costs in the unit of USD/kg P were compared with the
market price of commercial fertilizers, the lowest

at pH 9. This indicates that sea salt addition can reduce
the total costs that mostly came from acid addition by
increasing both the production of precipitates and %P
in solids. Thus, additional economic savings could
also be possible when the market fertilizer price in the
future is higher than the average costs obtained.

average costs were found with the addition of sea salt

8.0

-+ Diammonium phosphate (DAP)
Monophosphate (MP)
-#-P-solids precipitates (PSP)

7:0

6.0

5.0

4.0

3.0

P release efficiency (%)

2.0

Days

Figure 3. Percentage of P release efficiency for P-bioavailability test (%)

Table 4. Cost analysis of P recovery process using different pH and molar ratio of Mg/P.

Parameters pH 7 pH 9 pH 11

(1.07:1) (2:1) (1.07:1) (2:1) (1.07:1) (2:1)
Chemical additions (kg/mq)
Acid H2S04 10.30 10.30 10.30 10.30 10.30 10.30
NaOH 50% 1.44 1.44 1.52 1.52 2.28 2.28
Sea salt 0.00 0.33 0.00 0.33 0.00 0.33
Material costs (USD/kg)
Mg source (sea salt)[ 0.06 0.06 0.06 0.06 0.06 0.06
50% NaOHI 0.20 0.20 0.20 0.20 0.20 0.20
Acid H2S04¢! 0.18 0.18 0.18 0.18 0.18 0.18
Waste activated sludge 0.00 0.00 0.00 0.00 0.00 0.00
Energy consumption (kWh/m?3)
Rapid mixing (15 min) 0.0626 0.0626 0.0626 0.0626 0.0626 0.0626
Slow mixing (30 min) 0.0013 0.0013 0.0013 0.0013 0.0013 0.0013
Electricity cost per unit (USD kW/h)[d 0.12 0.12 0.12 0.12 0.12 0.12
Products produced (kg/m?)
Obtained solids from precipitation 1.03 1.30 111 1.88 1.20 1.60
%P content in solids precipitate 8.00 11.00 11.00 12.00 7.00 9.00
P-containing solids (kg P/m) 0.082 0.150 0.120 0.230 0.084 0.140
Total costs (USD/kg P)
(1) Average costs 25.78 14.17 17.40 9.56 26.53 16.03
(2) Market fertilizer prizel 3.52+5.00 3.52+5.00 3.5245.00 3.52+5.00 3.52+5.00  3.52+5.00
(2)-(1) Profit margin -22+-21 -11+-9 -14+-12 -6+5 -23%-22 -13+-11

+Standard division

lEISnowy Sky, Xuetian Salt Group Co., Ltd, China (https://www.alibaba.com)

1509% AMPS SODIUM SALT Solution, Shandong Kejian Chemical Co., China (https://www.alibaba.com)

[FIRCI LABSCAN LIMITED, Thailand (https://www.rcilabscan.com/product/sulfuric-acid-98-electropure/)
[IThailand’s electricity cost from Metropolitan Electricity Authority (www.mea.or.th)

FIOAE.go.th (Lowest price for N-P-K formula 18-46-0 and highest price for formula 16-16-8; P as P,Os and K as K;0).
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4. CONCLUSION

P recovery from WAS, using chemical leaching
and precipitation with sea salt addition, appears to be
a promising method for recovering the limiting
nutrient P. The optimum condition for P leaching (0.1
mol/L H;SO4, 30 min) found from RSM could
achieved nearly 100% P extraction efficiency. The
highest P recovery efficiency (%) was found at pH 9
with sea salt addition, resulting in 26% MAP formed.
The precipitating solids contained about 12% P.
Moreover, the percentage bioavailability of P uptake
from WAS-recovered solid P was about 80%, which
is much better than those of commercial fertilizers.
This indicates that recovered P-solids from WAS is
technically feasible to be utilized as fertilizing
compound for plant cultivation and the sustainable P
management helps to strengthen Thailand's food
security. Therefore, the results found in this study will
help understand P leaching and precipitating from
WAS and guide decision-makers for its
implementation. Consequently, this will lead to
closing the loop of P-for-food management in the
human ecosystem.
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Thirty-two endophytic actinomycetes isolated from 15 Thai orchids were
taxonomically studied based on their phenotypic characteristics and 16S rRNA
gene sequence analyses (98.97-100.00%). The isolates were identified as
Streptomyces including S. parvulus (3 isolates), S. tendae (2 isolates), S. ardesiacus
(2 isolates), S. heilongjiangensis (2 isolates), and each of S. daghestanicus, S.
antibioticus, S. malaysiensis, S. deserti, S. spiralis, S. thermoviolaceus subsp.
apingens, S. globosus, S. collinus, S. olivaceus, and S. zaomyceticus.
Micromonospora including M. humi (2 isolates), M. maritima (2 isolates), and
each of M. tulbaghiae, M. schwarzwaldensis, M. chersina, M. chalcea M. citrea,
and M. aurantiaca; Streptosporangium (2 isolates) including S. sandarakinum
and S. pseudovulgare and an isolate of Actinomadura hibisca. Streptomyces
(7 isolates), Micromonospora (7 isolates), and Streptosporangium (1 isolate)
exhibited antimicrobial activity against Bacillus subtilis ATCC 6633, Kocuria
rhizophila ATCC 9341, Staphylococcus aureus ATCC 25923, Escherichia coli
ATCC 25922, Pseudomonas aeruginosa ATCC 27853, and Candida albicans
ATCC 10231. Indole-3-acetic acid (IAA) production of the isolates ranged from
0.04 to 67.30 pg/mL. Isolates DR10-1 and DR9-7 produced high amounts of IAA
(58.03 and 67.30 pg/mL) and were selected for optimization. Maximum 1AA
values obtained were 284.87 and 132.35 ug/mL, using 0.4% L-tryptophan and
pH 7 with incubation at 30°C for 13 days. These two isolates enhanced root
length, shoot length, number of roots, and fresh weight of rice seedlings (Oryza
sativa L. cv. RD49) compared to the control. Results indicated that actinomycetes
from Thai orchids were promising sources of antimicrobial compounds and plant
hormones for agricultural applications.

1. INTRODUCTION

unique associations with host plants (Nair and

Actinomycetes are Gram-positive filamentous
bacteria having a high guanine (G) and cytosine (C)
content in their genomic DNA (Stackebrandt et al.,
1997). Research has demonstrated that they are
generally safe and beneficial microorganisms in the
pharmaceutical and agricultural industries as
antimicrobials, antimalarials, anticancer, enzymes,
pesticides, and plant growth hormones (Berdy, 2005;
Flores-Gallegos and Nava-Reyna, 2019). Plant-
associated microbes create substances with significant
medicinal potential (Wu et al., 2021), while endophytes
are commonly distributed in nature and maintain

Padmavathy, 2014), leading to the development of
safer products for the environment and human health.
Endophytic actinobacteria have been found in various
plants, including the predominant Streptomyces and the
genera Micromonospora, Microbispora, Nocardia,
Nocardioides, and Streptosporangium (Shimizu,
2011), Streptomyces platensis 3-10 from healthy rice
(Shakeel et al., 2016) and Streptomyces sp. KLBMP
5084 from healthy Limonium sinense (Qin et al.,
2017).

Dendrobium, is the second largest genus of
orchid in the family Orchidaceae (Puchooa, 2004)

Citation: Tedsree N, Likhitwitayawuid K, Sritularak B, Tanasupawat S. Diversity and antimicrobial activity of plant growth promoting endophytic
actinomycetes isolated from Thai orchids. Environ. Nat. Resour. J. 2022;20(4):379-392. (https://doi.org/10.32526/ennrj/20/202200039)
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which contains approximately 1,100 species. They are
mainly distributed in the subtropical and tropical
regions of Asia and Oceania (Xiangetal., 2013). Since
ancient times, many Dendrobium plants have been used
as ingredients for nutraceutical beverages and food
products (Bao et al., 2001). Orchids have been shown
to generate a wide range of bioactive substances
including antibiotics, anticancer, antitumor, antioxidant,
and anti-infection agents, demonstrating a crucial
impact on drug discovery. The methanol extract from
the whole plant of Dendrobium harveyanum had a
high anti-lipase effect (Maitreesophone et al., 2022),
while the crude extract from D. venustum showed
antimalarial and anti-herpetic activities (Sukphan et
al., 2014). The gigantol from Dendrobium draconis
exhibited pharmacological activity (Charoenrungruang
et al., 2014), while moscatilin, gigantol, lusianthridin,
and  dendroflorin  from  D.  brymerianum
(Klongkumnuankarn et al., 2015) showed cytotoxicity
against human lung cancer cell lines. Dendroparishiol,
a new compound from D. parishii, has shown high
antioxidant activities (Kongkatitham et al., 2018).
Recently, orchid-associated microorganisms have
been found on orchid roots. They assist plants to
solubilize important nutrients, create a variety of
metabolites and control phytopathogenic fungi
(Herreraetal., 2022). The endophytic bacterium strain
PVL1 isolated from the leaf of the orchid Vanda
cristata promoted the growth of Cymbidium
aloifolium by IAA (Shah et al., 2021), while fungal
endophytes isolated from Dendrobium officinale (\Wu
et al., 2016) and D. devonianum (Xing et al., 2011)
were great sources for the prevention and treatment of
harmful fungi and bacteria.

Plant-microbial interactions have been
extensively researched. However, the variety and
functional activity of orchid-associated bacteria are
little understood. In Thailand, orchid species rich in
fungi and endophytic organisms established in the
tissues of terrestrial orchids have been found to follow
a seasonal rhythm (Chutimaet al., 2011). Investigation
of endophytic actinomycetes might lead to the
discovery of new species, their biological activity and
secondary metabolites. In this study, endophytic
actinomycetes were isolated from selected Thai
orchids and characterized based on their phenotypic,
chemotaxonomic and genetic characteristics. Their
antibacterial activity and the plant growth promoting
IAA production were also evaluated.
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2. METHODOLOGY
2.1 Sampling and isolation

Endophytic actinomycetes were isolated from
the roots of fifteen species of Thai orchids:
Dendrobium  christyanum, D. formosum, D.
kentrophyllum, D. findlayanum, D. chrysanthum,
Calanthe cardioglossa, D. friedericksianum, D.
chrysotoxum, D. crumenatum, D. heterocarpum,
Coelogyne lawrenceana, Eria ornate, Cleisostoma
rostratum, Coelogyne assamica, and Pinalia
globulifera. All endophytic actinomycete isolates
were characterized based on their phenotypic,
chemotaxonomic, and genetic characteristics, as well
as their antibacterial activity and indole-3-acetic acid
(IAA) production. The orchid roots were prepared
according to Tedsree et al. (2021). The suspension of
bacteria was serially diluted ten times. Each diluted
suspension was applied to a different medium
including gellan gum, Gause synthetic No.1 (Gause et
al., 1983), glycerol arginine (Arai, 1975), and starch
casein (Kuster and Williams, 1964) supplemented
with nalidixic acid (25 pg/mL) and cycloheximide (50
pg/mL). All the plates were incubated at 30°C for 20
to 30 days. The purified isolates were preserved on ISP
2 and freeze-dried for long-term preservation.

2.2 Characterization of endophytic actinomycetes

Morphological and cultural characteristics of
isolates were observed on ISP 2 agar as described
previously (Shirling and Gottlieb, 1966). The NBS/
IBCC color system was used to determine the colors of
aerial mycelia, substrate mycelia and diffusible pigment
(Kelly, 1964). Physiological characteristics, including
growth at different temperatures (20-45°C), NaCl
concentrations (0-10%, w/v), and pH range 4-12 (at
intervals of 1 pH unit) were evaluated in ISP 2 broth at
30°C for 14 days. Carbon utilization on ISP 9
supplemented with 1% (w/v) carbon sources, starch
hydrolysis, nitrate reduction, milk coagulation and
peptonization, and gelatin liquefaction were examined
as described by Arai (1975). The method of Staneck and
Roberts (1974) was used to analyze the isomers of
diaminopimelic acid.

Genomic DNAs of the isolates were generated
following the technique of Kudo et al. (1998). The 16S
rRNA gene sequence was amplified as reported by
Suriyachadkun et al. (2009) and sequenced on a DNA
sequencer (Macrogen) using universal primers, 27F
forward  (5-AGAGTTTGATCMTGGCTCAG-3’)
and 1492R reverse (5’-TACGGYTACCTTGTTAC
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GACTT-3"). Sequence similarity values between the
isolates and their related neighbors were calculated
using the EzBiocloud service (Yoon et al., 2017) and
the Kimura-2-parameter (Kimura, 1980) was used to
create a phylogenetic distance matrix. A phylogenic
tree was constructed through the neighbor-joining
(NJ) technique (Saitou and Nei, 1987) using MEGA
7.0 (Kumar et al., 2016) based on 1000 replications of
bootstrap value.

2.3 Evaluation of antimicrobial activity

The culture was cultivated in 10 mL of seed
medium No. 301 (2.4% starch, 0.3% peptone, 0.1%
glucose, 0.5% yeast extract, 0.3% meat extract, and
0.3% CaCOs;, pH 7.0), on a shaker (180 rpm)
incubated at 30°C for 3 days. The seed culture of each
isolate was inoculated into 10 mL of three production
media as ISP 2 (0.4% yeast extract, 1.0% malt extract,
0.4% glucose), medium No. 30 (0.3% peptone, 0.1%
glucose, 0.5% yeast extract, 0.3% meat extract, 0.3%
CaCO0s, 2.4% starch), and 5 mL/L of trace elements
containing 1.0 g/L of FeSO47H.0, MnCl,4H,0,
ZnS047H20, CuS045H:0, and CoCl2-6H.0, and
medium No. 57 (0.5% peptone, 2% glucose, 0.5%
meat extract, 0.3% dry yeast, 0.5% NaCl, and 0.3%
CaCO0:s). After 14 days, each fermentation broth was
extracted with 10 mL of 95% ethanol and shaken at
180 rpm for 2 h before centrifugation at 7,000 rpm for
10 min. The supernatant was collected and 50 uL was
applied to each paper disk (6 mm).

A paper disk diffusion technique was used to
determine antimicrobial activity (Mearns-Spragg et
al., 1998) against Staphylococcus aureus ATCC
25923, Kocuria rhizophila ATCC 9341, Bacillus
subtilis ATCC 6633, Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 27853, and Candida
albicans ATCC 10231. Muller-Hinton agar (MHA)
and potato dextrose agar (PDA) were used to cultivate
the tested bacteria (1x108 cells/mL) and yeast (1x10°
cells/mL), which were incubated for 24 h at 37°C and
30°C, respectively. The inhibition zone (mm) was
measured and reported as an antibacterial activity
index. All experiments were carried out in triplicate.

2.4 Evaluation of 1AA production

All isolates were streaked on ISP 2 agar plates
and incubated at 30°C. After seven days, the agar discs
containing actinomycete mycelia were transferred to
ISP 2 broth (0.2% L-tryptophan, pH 7.0) and
incubated at 30°C for seven days with 180 rpm
shaking. The culture was centrifuged at 6,500 rpm for
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five minutes, and the supernatant was used to
determine the amount of IAA production. One mL of
supernatant was added to two mL of Salkowski
reagent (0.5 M of FeCls in 35% HCIO, in a proportion
of 1:50 (v/v)) and kept in the dark for 30 min (Sameera
et al., 2018). A UV-Vis spectrophotometer was used
to detect IAA at absorbance 530 nm. The uninoculated
medium with reagent was used as a control. The
amount of IAA produced per milliliter of culture broth
was calculated based on the calibration curve of IAA
obtained from standard IAA at different
concentrations (0-100 pg/mL). The amount of 1AA in
the culture was expressed as pg/mL.

2.5 Optimization of IAA production

The potent isolates of IAA production were
optimized based on the effects of incubation time,
temperature, pH, and L-tryptophan level. Isolates that
produced high amounts of IAA were chosen for
optimization. The chosen isolates were grown in a 500
mL flask with 100 mL of ISP 2 medium plus 0.2% L-
tryptophan with shaking at 180 rpm. Salkowski's
method was used to evaluate IAA production. The
same cultural conditions as mentioned before were
employed. The influence of incubation period on IAA
production was investigated at 48 h intervals for 15
days. Results of the concentration of L-tryptophan
(0.1,0.2,0.3,0.4, 0.5, 1.0, and 1.5%), pH (4, 5, 6, 7,
8, 9, and 10), temperature (25, 30, 35, 37, and 40°C)
were performed for seven days. The one-factor-at-a-
time (OFAT) method was used to optimize all
experiments (Czitrom, 1999).

2.6 Plant growth-promoting activity of the isolates

To investigate the impact of IAA produced by
the isolates DR9-7 and DR10-1 on seed germination
and root elongation in rice (Oryza sativa L. cv. RD49),
surface sterilization of rice seeds was performed by
soaking in 10% sodium hypochlorite (NaOCI) for one
minute and 95% ethanol for three minutes, followed
by thorough washing in sterile distilled water. The
treatment was carried out by soaking rice seeds in a
standard IAA solution containing 50 pg/mL and
supernatant culture of DR9-7 and DR10-1 with an
IAA concentration of 50 pg/mL. The control group
was soaked in sterile distilled water. Seeds were
placed in sterilized Petri dishes coated with two sheets
of filter paper and soaked with 10 mL of sterile
distilled water (three replicates, ten seeds/plate). All
the Petri dishes were incubated in a chamber with light
at 30°C for 16 h daily. Seed germination, root length,
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shoot length, number of roots, fresh weight, and dry
weight were measured after 7 days.

2.7 Statistical analysis

Data were statistically analyzed by one- way
analysis of variance (ANOVA) using the SPSS
software package (SPSS 28 for Windows). The
grouping was performed by Duncan’s multiple range
tests at p<0.05 on each of the significant variables
measured. Data were expressed as mean values of
triplicateststandard deviation.

3. RESULTS AND DISCUSSION
3.1 Isolation and identification of isolates

Thirty-two endophytic actinomycetes were
recovered from the roots of Thai orchids. All isolated
actinomycetes revealed 4, 12, 8, and 8 isolates from
gellan gum, starch casein, glycerol arginine, and
Gause No. 1, respectively (Table 1). Based on 16S
rRNA gene sequence analysis and phenotypic
characteristics, the isolates were classified into four
taxa (Table 2) including, Streptomyces (Group I, 19
isolates), Micromonospora (Group Il, 10 isolates),
Streptosporangium (Group I, 2 isolates), and
Actinomadura (Group IV, 1 isolate). Most of the
Group | isolates (59.5%) had LL-DAP, whereas the
remaining 13 isolates (40.6%) carried meso-DAP
(Williams and Cross, 1971). Similarities of all isolates
and closely related isolates ranged between 98.97 and
100%. The NJ-phylogenetic tree based on 16S rRNA
gene sequences is shown in Figure 1. The 16S rRNA
gene sequences of the isolates were deposited at the
NCBI database, with accession numbers listed in
Table 1.

Group | contained 19 isolates. The isolates
produced spiral spore chains with pale blue to greenish
gray on ISP 2 agar after 7 days of incubation (Table
1). The isolates, DR2-3, DR5-2, and DR7-6 were
closely related to S. parvulus NBRC 131937 (99.40-
99.85% similarity); DR3-5 and CC1-3 were closely
related to S. tendae ATCC 198127 (99.93-99.70%);
CC1-1 and DR9-7 were closely related to S. ardesiacus
NRRL B-1773" (99.92-99.93%); CL1-6 and EO1-13
were closely related to S. heilongjiangensis NEAU-
W2T (99.78-99.93%). The isolates DR1-1, DR2-2,
DR8-9, DR9-4, DR9-5, DR10-1, DR10-6, DR10-8,
CL1-8, and EO1-10 were closely related to S.
daghestanicus NRRL B-5418" (99.32%), S.
antibioticus NBRC 128387 (99.70%), S. malaysiensis
NBRC 16446" (99.92%), S. deserti C63" (99.41%), S.
spiralis NBRC 142157 (99.98%), S. thermoviolaceus

382

subsp. apingens DSM 413927 (98.97%), S. globosus
LMG 19896" (99.93%), S. collinus NBRC 127597
(99.93%), and S. olivaceus NRRL B-3009" (99.85%),
S. zaomyceticus NBRC 133487 (99.48%), respectively
(Table 1).

Group Il contained ten isolates. They produced
single spores on mycelium substrate. Colonies on ISP
2 agar were dark purplish red to greenish black. Based
on the 16S rRNA gene sequences, the two isolates
DR4-1 and CA1-5 were closely related to M. humi
DSM 456477 (99.33-99.47%); two isolates, CR1-1
and CA1-9 were closely related to M. maritima D10-
9-5T (99.93-100.00%); and isolates DR6-8, CA1-1,
YG1-1, YG1-7, YG1-8, and EO1-8 were closely
related to M. tulbaghiae DSM 451427 (99.75%), M.
schwarzwaldensis HKI10641" (99.92%), M. chersina
DSM 441517 (99.85%), M. chalcea DSM 430267
(99.85%), M. citrea DSM 43903" (99.77%), and M.
aurantiaca ATCC 270297 (99.49%), respectively
(Table 1).

Group 11 consisted of two isolates, DR9-9 and
YG1-5. They produced spherical sporangia in the
aerial mycelium. On ISP 2 agar, the isolates were pale
purple-pink (Table 1). The isolates DR9-9 and YG1-5
were closely related to S. sandarakinum GW-12028"
and S. pseudovulgare DSM 43187, based on 16S
rRNA gene sequence similarity (99.32 and 99.93%),
respectively (Table 1).

Group IV contained one isolate, CL1-5. This
isolate formed straight chain spores on the tip of aerial
mycelium and colonies and was vivid reddish-orange
on ISP2 agar plate. Based on 16S rRNA gene sequence
analysis, the isolate CL1-5 was 99.85% closely related
to A. hibisca NBRC 151777 (Table 1).

In this study, nineteen Streptomyces isolates
were associated with the eleven orchids D.
christyanum, D. polyanthum, D. formosum, D.
kentrophyllum, D. findlayanum, D. chrysanthum, C.
cardioglossa, D. friedericksianum, D. chrysotoxum,
C. lawrenceana, and E. ornate. Ten Micromonospora
isolates were found in the six orchids, D. crumenatum,
D. heterocarpum, C. rostratum, C. assamica, P.
globulifera, and E. ornate. Two Streptosporangium
isolates were distributed in the two orchids D.
friedericksianum and P. globulifera, and one
Actinomadura isolate was found in Coelogyne
lawrenceana. The isolates DR2-3, DR5-2, and DR6-
6, all closely related to S. parvulus NBRC 13193,
were found in D. polyanthum, D. kentrophyllum, and
D. findlayanum, while the isolates DR3-5 and CC1-3
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Streptomyces sp. CC1-1 (LC667383)
Streptomyces ardesiacus NRRL B-1773" (DQ026631)
Streptomyces coelicoflavus NRBC 153997 (AB1846501)
Streptomyces sp. DR9-7 (LC667387)
Streptomyces tendae ATCC 198127 (D63873)
Streptomyces sp. DR3-5 (LC667379)
Streptomyces sp. CC1-3 (LC667384)
98| Streptomyces sp. DR10-8 (LC667390)
Streptomyces collinus NBRC 12759 (AB184123)
3 Streptomyces spiralis NBRC 142157 (AB184575)
23 Jlg Streptomyces sp. DR1-1 (LC667376)
Streptomyces daghestanicus NRRL B-5418T (DQ442497)
86) Streptomyces sp. CL1-8 (LC667392)
Streptomyces olivaceus NRRL B-3009" (JOFH01000101)
49— Streptomyces sp. DR5-2 (LC667380)
Streptomyces sp. DR2-3 (LC667377)
Streptomyces sp. DR7-6 (LC667381)
Streptomyces parvulus NBRC 13193 (AB184326)
Streptomyces sp. DR9-5 (LC667386)
Streptomyces sp. DR9-4 (LC667385)
Streptomyces deserti C63T (HE577172)
Streptomyces sp. DR10-1 (LC667388)
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49

36 |

[2]
2

51

Streptomyces thermoviolaceus subsp. apingens DSM 413927 (Z68095)
100 | Streptomyces sp. DR10-6 (LC667389)

Streptomyces globosus LMG 198967 (AJ781330)
96 T Streptomyces sp. EO1-10 (LC667393)

Streptomyces zaomyceticus NBRC 13348 (AB184346)
L 100 | streptomyces sp. DR2-2 (LC667378)
© Streptomyces antibioticus NBRC 128387 (AB184184)

97

92

100 Streptomyces neyagawaensis NRRL B-3092" (LIQW01000075)
Streptomyces heilongjiangensis NEAU-W2T (JF431459)
67 | Streptomyces sp. CL1-6 (LC667391)

Streptomyces sp. EO1-13 (LC667394)

100 I— Streptomyces sp. DR8-9 (LC667382)
Streptomyces malaysiensis NBRC 16446 (AB249918)

100 | Actinomadura sp. CL1-5 (LC667397)
100
98

Actinomadura hibisca NBRC 151777 (BCRO01000158)
Actinomadura kijaniata NBRC 142297 (BCQR01000335)
Streptosporangium anatoliense N9999™ (HQ157194)

Streptosporangium sp. DR9-9 (LC667395)
Streptosporangium sandarakinum GW-12028" (JX977118)
54| Streptosporangium sp. YG1-5 (LC667396)

56 Streptosporangium pseudovulgare DSM 431817 (X89946)
84 | Micromonospora sp. YG1-1 (LC666842)

Micromonospora chersina DSM 441517 (FMIB01000002)
Micromonospora citrea DSM 43903" (FMHZ01000002)
Micromonospora sp. YG1-8 (LC666844)

Micromonospora sp. DR6-8 (LC666837)
Micromonospora tulbaghiae DSM 451427 (jgi.1058868)
Micromonospora sp. CA1-1 (LC666839)
Micromonospora schwarzwaldensis HKI10641" (KC517406)
89— Micromonospora sp. DR4-1 (LC666836)
641! Micromonospora sp. CA1-5 (LC666840)

Micromonospora humi DSM 456477 (jgi.1058870)
7{| Micromonospora sp. CR1-1 (LC666838)

Micromonospora sp. CA1-9 (LC666841)

Micromonospora sp. YG1-7 (LC666843)

Micromonospora chalcea DSM 430267 (X92594)

Micromonospora maritima D10-9-5" (HQ704071)
Micromonospora sp. EO1-8 (LC666845)
Micromonospora aurantiaca ATCC 270297 (CP002162)

100

51

88

0.010

Figure 1. Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences showing relationships between the 32 isolates and
related type strains. Numbers at branch nodes indicate bootstrap percentages derived from 1000 replications. Bar, 0.01 substitutions per
nucleotide position.
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closely related to S. tendae ATCC 198127 were
presented in Dendrobium and Calanthe. Streptomyces
and Micromonospora isolates were found in E. ornate,
while Streptomyces and Streptosporangium isolates
were found in D. friedericksianum. These results
indicated that various associated bacteria were
extensively distributed among the host plants.

Most of the isolates (59.38%) belonged to the
genus Streptomyces, previously identified as a
dominating organism in sugar cane roots (Sinma et al.,
2015), Citrus reticulata L. (Shutsrirung et al., 2013),
and Acacia auriculiformis (Bunyoo et al., 2009) in
Thailand. Our result was similar to previous research
that found Streptomyces strains in plant roots
(Taechowisan and Lumyong, 2003; Gangwar et al.,
2012; Shan et al., 2018). Actinobacteria were
prominent in the roots and stems of Neottia ovata
(50.02 and 48.47%, respectively) and in the seeds of
Spiranthes spiralis (48.95%) (Alibrandi et al., 2020).
Endophytic actinomycetes were distributed in plant
roots, where water and nutrients were absorbed
(Passari et al., 2015). Many plant species had diverse
strains of Microbispora (Bunyoo et al., 2009) and
Micromonospora (Kuncharoen etal., 2019), including
novel species of Amycolatopsis dendrobii from the
root of Dendrobium heterocarpum Lindl. (Tedsree et
al., 2021) and Streptomyces radicis from the roots of
plants (Kuncharoen et al., 2022).

3.2 Antimicrobial activity

Fifteen isolates (46.87%) showed antimicrobial
activity against at least one of the six tested bacteria
(Table 3). Five isolates of Streptomyces and five
isolates of Micromonospora inhibited S. aureus
ATCC 25923 when cultivated in all production media.
The isolate DR8-9 presented the highest antimicrobial
activity against S. aureus ATCC 25923 (24.32+1.01
mm) when cultivated in 57 media. Four isolates of
Streptomyces, five isolates of Micromonospora, and
one isolate of Streptosporangium inhibited K.
rhizophila ATCC 9341. Isolate DR6-8 showed the
highest activity (24.91+0.94 mm), while isolates DR2-
2 and DR4-1 showed 22.76+0.58 and 19.65+0.58 mm,
respectively. Five isolates of Streptomyces and four of
Micromonospora were active against B. subtilis
ATCC 6633 when grown in all media. Isolate DR7-6,
which was closely related to S. parvulus NBRC
13193, showed the highest activity (20.00+0.58 mm)
in medium No. 30. Isolates DR8-9 and DR1-1
inhibited C. albicans ATCC 10231 in all production

386

media, including DR2-2 in ISP 2 medium. The isolate
DR1-1 was closely related to S. daghestanicus NRRL
B-5418" and showed the highest activity against C.
albicans ATCC 10231 (21.90£0.77 mm) on medium
no.30. Three isolates DR1-1, DR2-2, and DR8-9 were
active against the gram-negative bacteria P.
aeruginosa ATCC 27853, while isolate DR2-2
inhibited this bacterium when cultivated on all
production media. Interestingly, DR2-2 was closely
related to S. antibioticus NBRC 12838 and inhibited
all indicator organisms, including Escherichia coli
ATCC 25922 (Table 3).

Endophytic actinomycetes have been reported
for their antibacterial activity against pathogenic
bacteria (Taechowisan and Lumyong, 2003; Passari et
al., 2015). In this study, both Streptomyces and
Micromonospora isolates inhibited S. aureus, B.
subtilis, and K. rhizophila. Our results concurred with
Musa et al. (2020) who discovered that 54 of 126
endophytic actinobacteria strains were resistant to at
least one or more indicator species. Notably, the
majority of  Streptomyces strains  exhibited
antagonistic activities. Rao et al. (2015) found that all
Streptomyces strains from Combretum latifolium
showed significant antimicrobial activity against both
bacterial and fungal pathogens. This study reported on
the incidence of possible endophytic actinomycetes
that suppress pathogenic bacteria.

3.3 Indole-3-acetic acid production

Twenty-two isolates (68.75%) were able to
produce indole-3-acetic acid (IAA) (Table 4). In
Group | Streptomyces, 15 isolates produced IAA
ranging from 10.59+0.45 to 67.30+£1.00 pg/mL.
Isolate  DR10-1 was closely related to S.
thermoviolaceus subsp. apingens DSM 413927 and
produced the highest IAA (67.30£1.00 pg/mL),
followed by DR9-7 closely related to S. ardesiacus
NRRL B-1773" and DR2-2 closely related to S.
antibioticus NBRC 12838" at 58.03+0.16 and
52.39+0.89 pg/mL, respectively. Five of ten isolates
of Group Il Micromonospora produced between
18.22+0.84 and 44.77+0.54 pg/mL of 1AA. Isolate
CA1-5 closely related to M. humi DSM 456477
showed the highest IAA production (44.77+0.54
pg/mL) followed by isolate YG1-7 closely related to
M. chalcea DSM 43026 (30.91+0.80 pg/mL). Only
one Group Il Streptosporangium, DR9-9, closely
related to S. sandarakinum GW-12028" produced
maximum 1AA of 43.97£0.30 pg/mL (Table 4).



Tedsree N et al. / Environment and Natural Resources Journal 2022; 20(4): 379-392

"(g0"0>d) seouaiaylp 1ued1IublS a1eaIpuUl MOJ awes ay) ul sidiiosladns Juataylq
"(Ww 9) Jarawrelp asIp ayy Buipnjoul ‘(AS) uoneIASp pJepuelsFuURaW Se passaldxa ale eleq

"AoAnaadsal "eIpal /G pue ‘0F ‘g dSI Ul PATEARIND UBUM 2§ 072G 8T PUB ‘€5'0F92°LT ‘85 0FTH 9T PAMOYS JeU) Z-ZH@ 81e|0s! 40} 1dexe 22652 DLV 1109 '3 01 ANAIIE [e1qoIDILUNUE OU POYTILXS S81e[os! [

"AIAIE [eIGOIOIWINUE NGIYX3 J0U PIP ‘S-T 1O ‘BANPRLIOUNIY Al dnoJ9

670°T 4860 4)LG0
- - - - - - - - - ¥G8'6 FGT0T FZe0T - - - 6-64d
111 dnoio
500'T 6050
- - - - - - - - - - 'L +398°L - - - 8-TOA
00T 00T 00T 2LS°0 2850 200'T 4650 4850 2850
- - - - - - 8L +€¢'8 EXAA +89'vT +I6'ET +98'ET +.8'8T +26'LT +16°LT T-TOA
2660 4960 p8S°0 p€L0 p6L°0 p66°0 2090 pSL0 6660
- - - - - - +90'6 8’8 +90'6 +G.°9T +09'9T F6.L'GT +6E'6 +€9'8 +88°L S-TVO
€90
- - - - - L6 - - - - - - - - - T-TvO
q¢0'T 00T 00T 1880 2850 p€S0 1LG0
- - - - - FS9VT - - - +E'CT F9E'TT +S°0T +0C'TT FLV'6 +97'6 T-TdO
pcl’0 580 p8G°0 2660 e€G'T 2760 90 p8SG°0 41850
- - - - - - F6C'TT +8.°0T +9€°0T Ve F16'7¢ F16'17¢ Fr'oT +06'6 +.9'6 8-94dd
1,090 p66°0 pI10T plG0 2850 2LG0 2850 00T p8SG°0 5950
- - - - - +8¢'8 F6'TT +89'TT +06'6 FLLLT +TT'6T +59'6T +6.'6 96 +6€'8 T-vdd
11 dnoio
p00'T pT0'T p19°0 W80 5180 6850
- - - - - - +7.°0T +29'6 +395°6 +.6°L +.T'8 +/0'8 - - - T-0Tdd
LT0'T o190 2007
- - - - - - - - - - - - FIV'CT T F9S9'TT S-64d
150 LS50 2650 850 ¢66°0 2920 2,90 ,00T 00T pLG0 eT0'T e,G0 eSL°0
+.ECT +T0°€T +9.°¢CT +9€'6 - - +G6'ST FSEVT FES VT +2¢G'8T +GE'GT +99'GT FCEVC +6L'T¢C +79'¢¢ 6-84d
2,0 285°0 eT0'T q00T (00T 00T
- - - - - - F08'8T F00°0¢ /86T - - - F10°8T FIT6T FC'TC 9-,dd
,00'T q98°0 4640 pI0T p00'T , 10T 0G0 ,00'T p00'T
- - - - - - FG8'ET F8'LT F16°9T F396°9T +68'GT FE€C'TT 86 8611 F¢'ST ¢-qda
q19°0 99°0 190 ,00T e85°0 EYASK] (00T ¢85°0 qI0T 00T ¢85°0 ,00'T 2LG0
- - FETULT F80°0T .56 FET'6 FG2'8T FLv8T F99'9T F9.°C¢ FEV'TC F8T'TC F86°LT FEVOT F86'9T ¢-cda
00T 1.0 2850 295°0
F.£°0C F06'TC F09'0¢ - - F6.8T - - - - - - - - - T-Tda
| dnoio
LS 0¢ ¢ dSl LS 0¢ ¢ dsSl LS 0g Z¢dsl 1S 0g ¢ dsl LS 0¢ ¢ dsl wnipaN
TE€ZOT DLV sueaiqje "9 £58/2 D01V esoulbnise d €€99 DOV singns ‘g T7E6 DLV ®liydoziyt -y £¢65¢ D1V shaine ' "ON ®Jejos|
"eIpaw

/G pUe ‘0g ‘'z dSI Ul paleAn|no sexejosi wnifuelodsoidans ||| dnots pue ‘eiodsouowoldiy || dnols ‘saokwoldans | dnoss Jo (Je1sWelp Ul Wi ‘U0z UoNIgIyYul) S3IANJE [BIqoIdIWINUY € 9]gel

387



Tedsree N et al. / Environment and Natural Resources Journal 2022; 20(4): 379-392

Table 4. IAA production of Group | Streptomyces, Group Il

Micromonospora, Group Ill  Streptosporangium, and IV
Actinomadura isolates.
Group Isolate No. IAA (ug/mL)
| DR1-1 22.04+0.89
DR2-3 52.36+0.86°
DR2-2 52.39+0.89¢
DR3-5 19.67+1.001
DR5-2 51.54+0.84°¢
DR7-6 45.94+0.67¢
DR8-9 6.95+0.659
CC1-1 10.59+0.45°
CC1-3 11.9240.79™
DR9-4 32.61+0.68f
DR9-5 15.62+0.72'
DR9-7 58.03+0.16°
DR10-1 67.30+1.00?
DR10-6 2.30£0.16%
DR10-8 6.47+0.164
CL1-6 8.72+0.28°
CL1-8 0.78+0.24"x
EO1-10 14.17+£0.33™
EO1-13 18.45+0.37%
1 DR4-1 29.13+0.47"
DR6-8 0.04+0.36%
CR1-1 18.22+0.84%
CAl-1 7.33+0.84¢4
CAl-5 44.77+0.54°
CAl-9 21.54+0.78
YG1-1 1.63+0.70"
YG1-7 30.91+0.80¢
YG1-8 2.84+0.73°
EO1-8 4.80+0.54"
1l DR9-9 43.97+0.30°
YG1-5 1.13+0.90v
v CL1-5 14.48+0.83™

Different superscripts indicate significantly different (p<0.05) mean+SD.

In this study, Streptomyces showed the highest
IAA  production. Several previous  studies
demonstrated that IAA production of actinomycetes
from different crops differed by species and strains.
Streptomyces sp. En-1 from Taxus chinensis (Lin and
Xu, 2013) and S. rochei ERY1 from Eryngium
foetidum L. showed the ability to produce IAA
(Suwitchayanon et al., 2018).

3.4 Optimization of IAA production
The two isolates DR9-7 and DR10-1 showed
the highest IAA production after the screening was
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optimized at different factors. IAA production of
isolates DR9-7 and DR10-1 started after three days
and peaked at 106.32+2.04 and 298.12+4.19 pg/mL
after 13 days (Figure 2 (a)). S. atrovirens ASU14
exhibited the maximum IAA value when optimization
at 30°C for 13 days (Abd-Alla et al., 2013). Maximum
IAA production of the two isolates was observed in
medium containing 0.4% L-tryptophan (Figure 2 (b)).
When the concentration of L-tryptophan increased
from 0.1 to 0.4%, IAA production of DR9-7 and
DR10-1 increased to maximum levels at 94.35+1.56
and 123.14+4.17%, respectively. Results indicated
that different amounts of L-tryptophan had variable
influence on IAA production, with tryptophan as an
important element in increasing IAA production.

Highest concentration of IAA was obtained
from isolate DR10-1 at pH 7 (82.76+1.22 pg/mL) and
DR9-7 cultivated at pH 7 and 8 at 54.08+0.59 and
54.71+0.25 pg/mL, respectively. 1AA levels of DR9-
1 and DR10-1 decreased when the pH value was less
than 6 and greater than 8, (Figure 2 (c)). Streptomyces
and other actinomycete strains grew slowly in acidic
or basic environments; therefore, pH levels are
important for IAA synthesis (Shirokikh et al., 2007).
Our findings concurred with Goudjal et al. (2013),
who showed that pH 7 was optimal for IAA production
of Streptomyces sp. PT2. Isolates DR9-7 and DR10-1
produced the highest IAA when grown at 30°C (Figure
2 (d)). However, there was no significant change in
IAA generation of DR10-1 at 35°C compared to 30°C.
When temperature exceeded 30°C, IAA production of
DR9-7 and DR10-1 decreased. A temperature of 30°C
was found to be optimal for this investigation.
Streptomyces sp. CMU H009 produced the largest
IAA when cultivated at 30°C (Khamna et al., 2010).
Accordingly, OFAT optimization experiments
showed that the highest IAA production required
cultivation in ISP 2 broth with 0.4% L-tryptophan, pH
7 at 30°C for 13 days. Maximum IAA values of DR10-
1 and DR9-7 were 284.87+£8.24 and 132.35+9.39
pg/mL, respectively.

3.5 Plant growth-promoting activity of the isolates

The effects of IAA in DR9-7 and DR10-1
supernatant cultures on rice seed germination, root
length, and shoot length were determined. Rice seeds
soaked under various conditions exhibited significant
differences in root lengths and quantity of roots
compared to the controls (Table 5). Treatments with
supernatant DR9-7 had the greatest influence on
seedling root length, with no significant differences
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identified between supernatant DR10-1 and standard
IAA. Supernatant of isolate DR10-1 showed the
highest number of roots, whereas other treatments
showed no significant differences. Fresh and dry
weight of seedlings after treatment with DR9-7,
DR10-1 and standard IAA were significantly different
compared to the control. However, all treatments had
no effect on seed germination. Our study results
related to root growth of the host plants, as reported by

m3days m5days m7days =9 days m11days =13 days m15 days

Etesami et al. (2015). IAA-producing bacteria isolated
from orchid rhizoplanes of Dendrobium moschatum
(Tsavkelova et al., 2007) and Cymbidium eburneum
(Faria et al., 2013) improved symbiotic seed
germination. Our isolates indicated the presence of
IAA production as a good option for use as plant
growth enhancement in both economic and
agricultural systems.

50.00% ®0.10% =0.20% = 0.30% ®0.40% ®0.50% ®1.00% ®1.50%

300 140
() (b)
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100 +
200 A
- =
£ E 80 - 1
3150 R g
i i 60 1
= 100 | =
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Figure 2. (a) Effect of incubation time (day), (b) Effect of L-tryptophan concentrations, (c) Effect of pH, and (d) Effect of temperature on
IAA production by the selected isolates. Vertical bars represent standard deviation from triplicate experiments.

Table 5. Effect of isolates DR9-7 and DR10-1 on the growth of rice (Oryza sativa)

Isolate No. Growth parameters of actinomycetes treated rice
Root length Shoot length Number of Seedling fresh Seedling dry % Seed
(cm) (cm) roots weight (g) weight (g) germination
DR9-7 6.90+0.522 3.55+0.96°¢ 3.00+1.05° 0.93+0.072 0.33+0.03? 100
DR10-1 4.85+0.34° 6.25+0.81° 4.30+0.82? 0.81+0.072 0.30+0.05% 100
IAA 4.85+0. 24° 3.85+0.94¢ 3.40+0.52° 0.78+0.08? 0.31+0.06% 100
Control 3.30+1.27¢ 4.95+0.65° 3.20+0.63° 0.56+0.07° 0.27+0.04° 100

Different superscripts indicate significantly different (p<0.05) mean+SD.
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4. CONCLUSION

Endophytic  actinomycetes are  mainly
distributed in the root system and xylem tissues of host
plants. The major role of these bacteria is to improve
the health and growth of the host plant by producing
beneficial metabolites to control plant infections from
pathogens and promote the growth of host plants. This
study concluded that 19 Streptomyces isolates were
associated with the roots of the Thai orchid species
D. christyanum, D. polyanthum, D. formosum, D.
kentrophyllum, D. findlayanum, D. chrysanthum, C.
cardioglossa, D. friedericksianum, D. chrysotoxum,
C. lawrenceana, and E. ornate. Ten Micromonospora
isolates were associated with D. crumenatum, D.
heterocarpum, C. rostratum, C. assamica, P.
globulifera, and E. ornate, while 2 Streptosporangium
isolates were found in D. friedericksianum and P.
globulifera and an Actinomadura isolate was found in
C. lawrenceana. Our Streptomyces, Micromonospora
and Streptosporangium isolates exhibited significant
antimicrobial activities against Bacillus subtilis ATCC
6633, Kocuria  rhizophila ~ ATCC 9341,
Staphylococcus aureus ATCC 25923, Escherichiacoli
ATCC 25922, Pseudomonas aeruginosa ATCC
27853, and Candida albicans ATCC 10231. Only
Streptomyces antibioticus DR2-2 inhibited all tested
pathogens, while two endophyte isolates DR10-1 and
DR9-7 showed high 1AA activity that promoted the
number of roots, shoot length, root length and fresh
weight of rice seedlings. This is the first report on the
diversity, antimicrobial and plant-growth-promoting
properties of endophytic actinomycetes associated
with the root of Thai orchids.
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Locally-available materials could be used to address soil fertility constraints.
Vermicomposting is a promising technology where various organic materials are
converted into processed compost by earthworms. This study evaluated local feed
sources and their potential for vermicompost production. The vermicompost
production was carried out in the plastic container under a roofed and net-sided
production house. The plot design was laid out in Completely Randomized
Design (CRD) with nine replications. Vermiculture feedstock treatments were
cow manure (CM) and three cow manure and alternative feed stock treatments
(75:25 on a dry basis) that included water hyacinth (WH), used coffee grounds
(coffee), or Azolla. The results showed that cow manure combined with Azolla
tended to produce more vermicompost after four weeks, but post-harvest
earthworm weight was lower. The cow manure treatment produced higher
earthworm weights. However, the earthworm population was not influenced by
feed sources. The chemical characteristics of vermicompost were not different
among feed source ratios or combination. A comparison of the feed stock material
before and after vermiculture composting show that EC and total P increased in
the compost, total K, organic C and the C:N ratio decreased, but pH and Total N

remained constant.

1. INTRODUCTION

Low-fertility tropical soils are common
(Razakatiana et al., 2020) and combined nitrogen (N)
and phosphorus (P) deficiencies are a widespread
problem in tropical soils (Smithson and Giller, 2002).
For Cambodia, some production areas are
characterized as having soils with low fertility,
specifically Cambodia’s commonly found sandy soils
which have low nutrient levels and low SOM/SOC
(Seng et al., 2001). These soils have low specific
surface areas with low activity clay fraction, resulting
in low nutrient and water retention. The use efficiency
of applied mineral fertilizers is very low. The low
economic return is an additional concern for farmers.
Locally available materials could be used to address
the soil fertility constraints of Cambodian soils. Local
organic materials may consist of crop residues,
farmyard manure, cow manure, kitchen waste,
leguminous crop rotation, and other compostable
feedstocks (Palm et al., 2001). Moreover, mineral
fertilizers are not affordable for many small-scale

farmers. Therefore, the sole reliance on mineral
fertilizers is not plausible for long-lasting sustainable
soil management.

The trend of urban farming, such as small-
scaled home garden and pot-based cultivation, are
increasing in popularity and need organic materials.
Thus, composting is preferable over mineral fertilizer
as it is perceived as environmentally friendly. Proper
handling and wuse of compost may reduce
environmental pollution (Dolliver et al., 2008).
Compost can help recycling of farm wastes, but the
decomposition and composting process can take a
long time to get the final product (Ayilaraetal., 2020).
Vermicomposting is an innovative technology in
which various organic materials are converted into
processed compost by earthworms (Blouin et al.,
2019). Cow manure is commonly used as a feedstock
for earthworms, and it is commonly used by many
farmers as a nutrient source. In vermicompost
production, cow manure is the only feed source that
cannot be avoided (Yuvaraj etal., 2021). However, the

Citation: Ro S, Long V, Sor R, Pheap S, Nget R, William J. Alternative feed sources for vermicompost production. Environ. Nat. Resour. J.
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future availability of cow manure in Cambodia is
decreasing because of the reduced use of cattle for
draft power. Yuvaraj et al. (2021) reported that cow
manure can be combined with other biowastes in
vermicompost production. Therefore, there is a need
to reduce sole reliance on cow manure as a feedstock
for vermiculture and find supplementary local
feedstocks such as aquatic fern Azolla, used coffee
grounds, water hyacinth, or other plant biproducts.
The effects of various feedstocks on vermicompost
quality have been reported by other researchers
(Amouei et al., 2017; Ansari and Rajpersaud, 2012;
Karmegam et al., 2019; Kumari et al., 2020; Nath et
al., 2009; Ramnarain et al., 2019).

The objective of this study was to evaluate the
effect of various earthworm feedstocks on production
and chemical characteristics of vermicompost. It is
hypothesized that locally-available feed sources such
as Azolla, used coffee grounds, water hyacinth can
partially replace cattle manure which is decreasing. It
will also pave the way to conduct in-depth study to
maximize the alternative feed sources to cow manure
in future studies.

2. METHODOLOGY
2.1 Experimental condition and design

The experiment was conducted under a
production house with a size of 3m x 6 m x 3 m
(heightxlengthxwidth). The house was sided by net to
allow air flow inside. The plot design was laid out in
Completely Randomized Design (CRD) with nine
replications. Feedstock treatments were placed in
black round plastic containers with a bottom diameter
of 43 cm, surface diameter of 43 cm and a height of
13 ¢cm. Cow manure (CM100%) was used as a
standard feedstock for earthworm rearing and was
treated as the control. Cow manure (CM) was
supplemented at a ratio of 75:25 (dry basis) with three
types of earthworm feedstocks that included water
hyacinth (CM75%+WH25%), Azolla (CW75%
+Azolla25%) and used coffee grounds (CM75%
+Coffee25%).

2.2 Earthworm and feed preparation

The mass culture of the African earthworm,
Eudrilus engeniae was carried out by feeding in
partially decomposed cowdung (CD) substrate. Cow
manure was air-dried for 10 days. The dried cow
manure was soaked in water for four days. The water
hyacinth was ground chopped by a machine into
approximate 2-3 cm length, then water hyacinth, used
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coffee grounds and Azolla were subjected to initial
decomposition in separate plastic boxes for four weeks
when the heat is lower before feeding them to the
earthworms.

Containers were filled with 4 kg of feedstock
materials on an oven-dry weight basis. The cow manure
and supplementary feedstocks were homogenously
mixed before filling the containers to a level of 3 to 5
cm below the container’s edge. The earthworms were
placed in each container at a rate of 234 earthworms per
container, which was approximately 250 g of
earthworm biomass.

2.3 Feedstock maintenance and vermicompost
harvest

The feedstocks were kept moist by spraying
water daily at a rate of 550 mL per container until two
days prior to the vermicompost harvesting. Pests were
controlled by manually removing them from the
feedstock. Vermicompost harvesting was performed
twice at two and four weeks after earthworms were
introduce to the feedstock treatments.

2.4 Data collection

The temperature was recorded twice: two and
four weeks after earthworms were introduced to the
feedstock treatments. The number and weight of
earthworms per container were determined after four
weeks following the final harvesting. The productivity
of vermicompost (%) was calculated by weight of
harvested vermicompost divided by initial total mass
of feedstock on a dry weight basis per container
(Ramnarain et al., 2019). The vermicompost in each
container was harvested by removing the earthworms
that were longer than 5 cm and sieving the
vermicompost with a 5 mm-sieve. The vermicompost
were weighed and its moisture was recorded. The
chemical characteristics of vermicompost was
analyzed in the soil laboratory of Faculty of
Agronomy, Royal University of Agriculture.

2.5 Statistical analysis

The data were analyzed using analysis of
variance (ANOVA) to detect the significance among
treatments. Means comparison testing was carried out
using Tukey’s HSD (Honestly Significant Difference)
test at an appropriate level of significance. Both
ANOVA and mean comparison were determined
using Statistix 8 (Version 8.0, Analytical Software,
1985-2003).
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3. RESULTS
3.1 Vermicompost production and earthworm
population

The data analysis using ANOVA showed a
significant difference in total vermicompost harvest
among the feedstock treatments (Figurel). The cow
manure and Azolla treatment (CM75%+Azolla25%)
showed the highest production of vermicompost but
was not significantly different from the CM100%
earthworm feedstock treatment. The CM75%+
Coffee25% and CM75%+WH25% treatments
produced the least amount of vermicompost.

The amount of vermicompost expressed on a
dry weight biomass basis showed that replacing 25%
of the cow manure with 25% used coffee grounds
(CM100%+Coffee25%) resulted in a lower amount of
vermicompost (1.82 kg per container) (Table 1). The
CM75%+Azolla25% treatment produced a greater
amount of vermicompost (2.18 kg per container), but
it was not significantly different from either the
CM100% or CM75%+WH25% treatments. The
production of vermicompost using 75% cow manure
and 25% Azolla 25% indicated higher productivity

Table 1. Total harvest and productivity of vermicompost

than the use of cow 75% manure and 25% used coffee
grinds (54.50% Vs 45.59%).
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Figure 1. 1t harvest, 2™ harvest and total production of
vermicompost  per container with different feedstock
combinations. Different letters on the bars denote significant
difference at p<0.05 by Tukey HSD’s test. The error bars
representtstandard deviation.

Treatments Total mass of feed initially Total harvest vermicompost Productivity
(kg, dried basis) (kg, dried basis) (%)
CM100% 4 2.05%+0.27 51.14%+6.75
CM75%+WH25% 4 1.98%+0.13 49.59%+3.16
CM75%+Azolla25% 4 2.18%+0.07 54.50+1.71
CM75%-+coffee25% 4 1.82°+0.23 45.59°+5.82
P-value 0.00** 0.00**

Value is the meantstandard deviation (SD); Different letters in a column denote significant difference at p<0.05 by Tukey HSD’s (Honestly Significant

Difference) test.

Earthworm population and moisture at the 4-
week harvest were not significantly different among
the feedstock treatments (Table 2). Earthworm weight
(>5 cm length) was significantly different among the
feedstock treatments at the 4-week harvest. The
feedstock with only cow manure (CM100%) indicated
the highest weight value at 407.31 g per container, but

this was not statistically different from the
CM75%+WH or CM75%+Coffee25% feedstock
treatments. The lowest weight of earthworm

(362.06 g per container) was observed in the
CW75%+Azolla25% treatment. The temperature
measured from week 2 to week 4 showed a drop in
temperature from 0.6 to 2 degree Celsius (Figure 2).

Table 2. Earthworm weight and population, temperature and moisture at harvest per container

Treatments Earthworm weight Earthworm population Temperature at harvest ~ Moisture at harvest
© (> 5 cm length) () (%)

CM100% 406.31°+15.50 21721 32.56%+0.56 68.27+3.38

CM75%+WH25% 387.25%+40.66 220+15 32.26%+0.86 67.33+3.17

CM75%+Azolla25% 362.06°+34.49 221+14 33.09%°+0.34 67.93+3.09

CM75%-+coffee25% 394.63%+13.47 220416 32.66°+0.18 67.63+3.75

P-value 0.01* 0.96™ 0.00** 0.99™

Value is the meanzstandard deviation (SD); Different letters in a column denote significant difference at p<0.05 by Tukey HSD’s (Honestly Significant

Difference) test.
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Figure 2. Changes in temperature 2 and 4 weeks after feeding

3.2 Chemical characteristics of vermicompost

There were no

significant differences in

chemical characteristics among the different
vermicompost feedstock treatments (Table 3). The
combined treatment mean pH and EC were 7.16 and
582.75 uS/cm, respectively (Table 2). The harvested
vermicompost had combined treatment macronutrient
means of 1.47% N, 4.77% P, and 1.82% K (Table 2).
The combined treatment mean for total Ca was 1.02%
and total Mg was 1.80%. The combined treatment
ratio of carbon to nitrogen was 27.66.

The changes of final vermicompost product
from initial cow manure were observed in some
parameters while pH and total N had minor changes
(Figure 3). Electrical conductivity, total P and total Mg
increased by 24, 28 and 35%, respectively. The large
decrease was observed for total Ca, total K and C:N
ratio by 412, 167, 14%, respectively.

Table 3. Chemical characteristics of vermicompost for different feedstock treatments

Treatments pH EC (uS/cm) Organic C (%) Total N (%) Total P (%)
1:10 H20

CM100% 7.22+0.10 582.67+87.32 40.40+1.86 1.47+0.14 4.66x+1.29

CM75%+WH25% 7.12+0.07 638.00+£71.14 40.18+0.54 1.47+0.12 4.27+0.79

CM75%+Azolla25% 7.13+0.15 510.67+67.17 40.04+1.38 1.49+0.23 5.14+1.10

CM75%+coffee25% 7.18+0.08 563.00+53.22 40.86+1.58 1.46+0.21 5.34+0.81

Mean 7.16 582.75 40.37 147 4.77

P-value 0.68" 0.62" 0.90m 0.99m 0.23"

Treatments Total K (%) Total Ca (%) Total Mg (%) C:N ratio

CM100% 1.68+0.44 1.09+0.23 1.84+0.26 27.55x1.49

CM75%+WH25% 1.82+0.35 1.05+0.10 1.77+0.73 27.55+2.69

CM75%+Azolla25% 1.86+0.22 1.16+0.22 1.75+0.51 27.14+3.57

CM75%+coffee25% 1.92+0.54 0.78+0.54 1.85+0.56 28.38+4.30

Mean 1.82 1.02 1.80 27.66

P-value 0.90m 0.26™ 0.99m 0.97"

Value is the meantstandard deviation (SD). “ns” indicates non-significant difference.

50

pH

-50 4

Change (%)

-100 1

-150 1

-200

S Il

3l

TN

<

C:ﬁ=ﬁtio

Figure 3. Changes in chemical characteristics of vermicompost products compared to initial cow manure
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4. DISCUSSION

The final harvest of fresh and dried
vermicompost product for the cow manure and Azolla
combination tended to be higher, compared to other
feedstocks used in this study. Feedstocks were pre-
composted, which likely increased the rate of
decomposition fed to earthworms. Azolla has the
potential to decompose in 8-10 days and processed
into a powder (Setiawati et al., 2018). Used coffee
grounds typically decompose at a slower rate due to its
lipid fraction and recalcitrant decomposable structural
protein-N content (Kitou and Okuno, 1999), which
may take several months for microbes to breakdown.

The weight of earthworms from CM75%
+Azolla25% treatment collected after harvest seemed
to be less, compared to the CM100% treatment. This
implied, that even though the population of earthworm
was not significantly different among the four
feedstocks, cow manure is probably the main food
source for the earthworms and could be used as
substrate for mass culture and the alternative
feedstocks used in this study did not harm the
earthworm. The decrease in number of earthworms
during the study period may be due to the decline in
C/N ratio during the decomposition process (Amouei
et al., 2017). The temperature dropped slightly from
week 2 to week 4 and was below 35°C. Although this
temperature is out of the optimum temperature range
for adult earthworms (Juarez et al., 2011), it did not
notably affect the earthworms in this study. The daily
watering may have stabilized the temperature for
earthworm growth, and the decrease in temperature
may have been a result of microbial degradation and
dynamics.

The analysis of chemical properties of the
feedstock treatments showed no significant difference
among the treatments. The modification of only 25%
of the feedstock with alternative sources (water
hyacinth, Azolla, and used coffee grounds) may have
been too small to make changes in their chemical
characteristics. The lack of difference of total N
among the treatments contrasts with other studies
(Ramnarain et al., 2019; Amouei et al., 2017) which
reported higher total N in the vermicompost end
product. The reason for the difference in total N may
be due to the different composting production
durations, initial feeds and conditions. This study
showed a decline in total K in vermicompost, which
has been reported in other studies (Ramnarain et al.,
2019). The C/N ratio of vermicompost in this study
was 27, which is higher than previously reported to be
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smaller than 22 (Karmegam et al., 2019; Deepthi et al.,
2021). The drop in C/N ratio compared to initial cow
manure was probably due to the use of carbon as
energy source during the composting process (Ansari
and Rajpersaud, 2012; Ramnarain et al., 2019),
leading to low C in the final production and resulting
in a low C:N ratio. The reduction of C/N after
vermicompost was also reported by Deepthi et al.
(2021) and Wang et al. (2022). The decomposition rate
in this study ranged from 46 to 55% over a month
period. The composting rate of feedstock by
earthworms in this study was twice as fast as
composting studies that did not include earthworms.
The lack of differences observed in the chemical
properties before and after composting including pH
were also observed by Karmegam et al. (2019). The
average pH of final product was around neutral (7.16),
which was in a similar range reported by Ramnarain et
al. (2019) and Kumari et al. (2020). Additionally, the
pH range of the vermicompost in this study is consider
a normal vermicomposting product pH (Suthar, 2008;
Nath et al., 2009). However, Wako (2021) found the
variation of vermicompost pH was dependent on
initial feedstock. For instance, the use of soybean and
maize feedstock could raise the pH up to between 8.1-
8.4, which could be harmful to the earthworms and
affect composting rates. Thus, the feedstocks used in
this study (cow manure, water hyacinth, Azolla, used
ground coffee) are not limiting the earthworm’s ability
to compost the feedstock based on pH. Karmegam et
al. (2019) reported an increase of EC and total P. This
study did not show a difference in EC or total P among
the feedstock treatments, but EC and total P did
increase over the 4-week composting period. The
increase in total P is a result of phosphatase in the
earthworm’s gut (Parthasarathi et al., 2016;
Ramnarain et al., 2019; Wako, 2021). The increase of
EC during composting showed the role of earthworm
to enhance EC in vermicompost and may indicate the
release of plant nutrients for mineral salts (Nath et al.,
2009). The solubility of mineralized compounds may
have increased, leading to the increase in EC (Amouei
et al., 2017). However, the EC in this study was less
than 8 ds/m or 8,000 uS/cm, which is harmful to most
earthworms and plants.

The decrease in organic C in the final product is
a result of organic matter degradation, mineralization
and respiratory activity of earthworms and other
microorganisms, leading to the loss of carbon in the
form of CO, (Karmegam et al., 2019; Amouei et al.,
2017). The reduction of organic carbon and organic
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matter content in vermicompost was also reported by
Wang et al. (2022) and Jayakumar et al. (2022).The
decline of total K and total Mg was also reported by
(Ramnarain et al., 2019).

5. CONCLUSION

The ratio of different combinations in
feedstocks may affect the rate of vermicomposting
decomposition. A combination of cow manure and
Azolla tended to produce higher vermicompost
productivity, but lower earthworm weights following
final vermicompost harvest. The use of cow manure
only as feedstock produced the highest earthworm
weights. However, the earthworm population was not
influenced by the different feedstocks used in this
study. Azolla could be used with cow manure to
increase vermicompost production. However, cow
manure can be used without Azolla as standard
medium for earthworm rearing. The chemical
characteristics of vermicompost were not difference
among the different feedstock ratios and combinations
used in this study. However, there was a change in
chemical characteristics between the feedstocks and
the resulting vermicompost in which pH, total N
remained constant while EC and total P increased after
vermicompost process. Total K was observed to have
reduced significantly in the vermicompost as
compared to the feedstock and organic C and C:N ratio
also decreased, but to a lesser degree. Future research
should focus on other potential feedstocks, which can
replace or be used with cow manure to increase the
vermicompost quality.
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An increase in traffic volume has resulted in the deterioration of environmental
quality and human health in Yangon as well as in the surrounding areas that are
connected to the city via several road links. The Yangon Outer Ring Road
Construction (YORR) (Eastern Section) is a priority project for solving traffic-
related problems. This study aimed to simulate the current levels of PMas
concentration around the proposed YORR (Eastern Section) area using the
CALINE 4 model and to evaluate the model’s performance. Air quality
measurements of PM.s were carried out in five townships around the proposed
road construction area-for one week at each monitoring location-from January
24™ to March 2", 2021 using the Haz-Scanner Environmental Perimeter Air
Station. When compared to the ambient air quality guidelines of Myanmar, the
International Finance Corporation, and the World Health Organization, the
observed PM. s concentrations were found to be usually high at all locations,
except in Kyauktan township. Statistical analysis indicated that the CALINE 4
model performed satisfactorily with a coefficient of determination of 0.85-0.90,
fractional bias of 0.03-0.50, and normalized mean square error of 0.001-0.100. It
is crucial that mitigation measures, including policies regarding the use of low
PM emission vehicles and road-side barriers, be implemented by regulatory

authorities during and after the YORR construction.

1. INTRODUCTION

Rapid growth in traffic volume has resulted in
deterioration of environmental quality and human
health. Evidently, an increase in traffic volume-as a
result of a newly constructed roads-is an additional
source of particulate matter (PM) in the surrounding
environment of the new roads (Chuang et al., 2020).
PM exposure leads to a risk of developing diseases and
health conditions, such as nonfatal heart attacks,
irregular heartbeat, aggravated asthma, decreased lung
function, and increased respiratory symptoms such as
coughing or difficulty breathing, and premature death
in people with existing heart or lung diseases (Kim et
al., 2015). Particulate matter that is 2.5 pm or smaller
in size (PM2s) not only causes health problems but
also seriously affects the chemical processes in the

atmosphere and influences climate change (Kumar et
al., 2010).

The development of roads for transportation
plays an important role in a country’s economic
growth as it facilitates a continuous supply of goods
and services. The proposed Yangon Outer Ring Road
Construction (YORR) (Eastern Section) has a total
length of approximately 49 km, including a 1.28 km-
long bridge across the Bago River and frontage roads;
itis approximately 20 km from the downtown area and
is a priority project for solving traffic problems (JICA,
2015). The project site is located near five townships:
Hlegu, East Dagon, Dagon Seikkan, Thanlyin, and
Kyauttan. In view of sustainable development goals,
such projects must focus on the environment,
including air quality.

Citation: Ko SSK, lJindal R, Trivitayanurak W, Tantrakarnapa K, Surinkul N. Simulation of PM,s concentrations around the proposed Yangon
Outer Ring Road (Eastern Section) in Myanmar using CALINE 4 model. Environ. Nat. Resour. J. 2022;20(4):400-410.
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Several air quality models have been developed
to evaluate roadside air quality (Gokhale and Khare,
2004). However, several of these models are complex,
given the poor availability of meteorological and
traffic data. The modified general finite line source
model of particulates, as well as CALINE 3 and
CAL3QHC models have been used to evaluate
vehicle-derived airborne particulate mass emissions
(Gokhale and Raokhande, 2008). Other models that
have been widely used to evaluate the dispersion of air
pollutants at roadsides (Ghanshyam, 2018) include a
series of California Line Source Dispersion Models.
CALINE 4 is the most recent version in the CALINE
series, which has been used extensively worldwide
and is claimed to perform better than other line source
models (Dhyani et al., 2013; Goud et al., 2015;
Muneeswaran and Chandrasekaran, 2015; Sharma et
al., 2013).

In view of the proven negative effects of new
road construction on air quality, forecasting PM2s
concentration is important to control air pollution in
the study area, as no such research has been conducted
to date. The objective of this study was to simulate the

Myanmar

D Yangon

Yangon

= YORR Alignment

current levels of PM.s concentration in the proposed
YORR (Eastern Section) area using the CALINE 4
model. Overall, this study aimed to lay the foundation
for further research into the impacts of the YORR
(Eastern Section) on the PM. s concentrations.

2. METHODOLOGY
2.1 Study area

The Yangon Outer Ring Road (YORR) (Eastern
Section) project in Yangon-a former capital city and
now the biggest commercial center of Myanmar-was
chosen as the study area. Based on the 2014 census,
the total population of the five townships in the YORR
project area was approximately 1,039,328 (city
population, 2022). The climate of Yangon is mainly
characterized by tropical monsoon (Weatherbase,
2022). The main contributors of PMs in the study area
include traffic, domestic fuel consumption, industrial
activities, and natural dust. Air quality was monitored
at one location in each of the five townships,
represented as Point-1, Point-2, Point-3, Point-4, and
Point-5. A map of the study area with the air quality
monitoring locations is presented in Figure 1.

96°0°0” E 96°10°0” E

96°20°0” E 96°30°0” E

S Hlegu
Starting Point (17° 2'41.58"N, 96°10'47.88"E)

Point-1 (17° 0" 16.02" N, 96° 15" 18.00" E)
()

17°0°0” N

].’oimvl (16° 57' 2.818" N, 96° 18' 10.48" E)

.~ « , EastDagon ¢/Point-3 (16° 54' 53.5" N,

96°20' 13.6" E)

Dagon Seikkan

16°50°0” N

2
=
g
£
2
Z
=
H
-4

o Point-4 (16°38'48.37" N,
96° 19'20.32" E)

ORR

Thanlyin

Y

o~

@ Point-5 (16°39' 27.5" N, 96°19' 15.8" E

Kyauktan
End Point (16°36'23.48"N, 96°16'43.64"E)

Legend
= YORR Alignment

©  Air Monitoring Points
b Townships Boundary

16°40°0" N

0 4 8 16 24 3

2
i Kilometers

Figure 1. Map of Yangon Outer Ring Road (Eastern section) showing the air quality monitoring locations (location of YORR (Eastern

section) in Yangon is shown in the top panel)

2.2 Data collection

PM.s measurements were carried out from
January 24" to March 2™, 2021, at the five locations
surrounding the proposed road construction area
(Table 1) using the portable wireless Haz-Scanner
Environmental Perimeter Air Station (HAZS-
CANNER™ EPAS). The Haz-Scanner is equipped
with a variety of gas, PM. s, temperature, and humidity
sensors, which can detect different variables ranging
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from 1 to 20,000 pg/md. The PM_ssensor is equipped
with a high-precision laser sensor that detects the
number and diameter of particles through the laser
scattering method, and accurately calculates the
PMzs concentration. An anemometer (Vantage Pro2
Console) was installed on top of the monitoring station
(25 m above ground level) and connected to
HAZSCANNER™ EPAS instrument. Due to limited
availability of instruments, simultaneous monitoring
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at all five locations could not be performed. In
addition, the weekly variability and long-range
transport events were not considered.

2.3 CALINE 4 model
CALINE 4 is a Gaussian dispersion model
specifically used to simulate the level of air pollution

Table 1. Air quality monitoring locations and schedule

adjacent to roadways by estimating the vehicular
pollutant concentration at source receptor distances of
tens to hundreds of meters (Pournazeri et al., 2013).

The CALRoads View model Version 6.2.5 form
of CALINE 4, developed by Lakes Environmental
Software, Canada in 2008, was used for this study
(Mishra, 2016).

Location Description Monitoring date

Point-1 Hlegu Township (~0.8 km from centerline of road alignment) 24-30 January 2021

Point-2 East Dagon Township (~0.24 km from centerline of road alignment) 31 January - 6 Febuary 2021
Point-3 Dagon SeikKan Township, (~1.9 km from centerline of road alignment) 7-13 Febuary 2021

Point-4 Thanlyin Township, (~0.7 km from centerline of road alignment) 15-21 Febuary 2021

Point-5 Kyaut Tan Township, (~0.51 km from centerline of road alignment) 23 Febuary - 1 March 2021

2.3.1 Inputs for CALINE 4 model

“Multirun” was chosen as the CALINE 4 model
run type to calculate the eight-hourly average PMas
concentration at the receptor points - because of the
time limitations - to observe the fluctuations during
different periods of the day. The five monitoring
points were set as discrete receptor points.

The important input variables required for the
CALINE 4 model included traffic volume (number of
vehicles per hour), meteorological parameters (wind
speed, wind direction, ambient temperature, mixing
height, and stability class), composite emission factors
(CEFs), road geometry (road width, median width, and

Table 2. Input parameters used in the CALINE 4 model

road elevation), type of terrain (rural or urban),
background concentration of pollutants (ppm or
ug/m?), and pre-identified receptor locations along the
road alignment (Dhyani et al., 2013). The input
parameters used in the model are listed in Table 2.

Meteorological data of the observation periods,
including wind direction, wind speed, and temperature
at the monitoring stations, were obtained through on-
site. measurements. The CALINE 4 model cannot
predict input wind speeds of less than 1 m/s and
automatically selects a speed of 0.5 m/s as the default
value (Dhyani and Sharma, 2017).

No Input data Units Source

1 Meteorological data
- Wind direction Degree On-site measurement
- Wind speed m/s On-site measurement

- Atmospheric stability class (Pasquill (P-G)
stability class)

A1) to G (7)

Based on on-site measurement of wind speed

- Wind degree standard deviation Degree Based on on-site measurement of wind direction
- Mixing height Meters (m) Benson, 1984 (recommended value)
- Temperature °C On-site measurement
2 Road link information
- Link type At-grade Physically observed
- Link height (at-great option assumes roadway to be  Meters (m)
at ground level)
- Mixing zone width (carriage width+3 on both Meters (m) Google map
sides)
- Link geometry - Google map

Beginning (17° 2'41.58" N, 96°10'47.88" E) and
Ending coordinates (16°36'23.48" N,
96°16'43.64" E)
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Table 2. Input parameters used in the CALINE 4 model (cont.)

No Input data Units Source
3 Road link activity
- Hourly traffic volume vehicles/h Calculated based on the secondary data with the
assumed percent fraction for the existing road
networks
JICA, 2015
MJTD, 2016
- Composite emission factor g/vehicle-km JICA, 2016
ARAL, 2008 for PM2s
4 Background concentration pg/ms Calculated based on on-site measurement of wind

direction and observed concentrations at the
nearest monitoring points

Hourly atmospheric stability classes in the
study area, which were based on the Pasquill-Gifford
classification, were estimated using wind speed,
incoming solar radiation, and cloud cover (daytime
and night-time) (Turner, 1994). The study area was
either sunny or slightly cloudy during the monitoring
period. Typically, the temperature fluctuated between
30 and 38°C during the daytime; the amount of
incoming solar radiation was assumed to be moderate.
Clear skies and a temperature drop to 16°C were

Table 3. Meteorological parameters used in CALINE 4 model

recorded at night-time (Weather Spark, 2022).
According to the classification of Pasquill-Gifford,
atmospheric stability in the study area was classified
as A (extremely unstable) at daytime and F
(moderately stable) at night-time. The wind degree
standard deviation of the horizontal wind direction
(c0) was based on the atmospheric stability
classification (NRC, 1980). The meteorological
parameters used in the CALINE 4 model are presented
in Table 3.

Townships Temperature Wind speed Predominant Predominant atmospheric
(monitoring Points) (°C) (m/s) wind direction stability class

Max Min Max Min Daytime Nighttime
Hlegu (Point-1) 37.3 18.3 5 0 *NNE A
East Dagon (Point-2) 36.9 17.2 2 0 *NE A F
Dagon Seikkan (Point-3) 35.9 16.9 4 0 *E A F
Thanlyin (Point-4) 36.2 195 7 0 *S A F
Kyauk Tan (Point-5) 37.6 17.3 2 0 *SE A F

*NNE- North East, *NE- North East, E-East, S- South, SE-South East

The mixing height was set to 1,000 m, except for
very severe nocturnal inversions; this is the
recommended value for all normal atmospheric
occurrences (Benson, 1984; Chen et al., 2008; USEPA,
1995). Mixing height rarely affects the predicted
concentration, especially under perpendicular wind
conditions (Sahlodin et al., 2007). Some studies have
reported negligible effects of mixing height on the
predicted concentrations (Batterman et al., 2010; EI-
Fadel et al., 2000).

Road link information: The road geometry, used
as the input parameter for the model, was obtained
from the YORR project information. Based on
physical observations, all road link types for the
existing road networks were at-grade. Therefore, all
road links were assumed to be zero.

The mixing zone was considered to be an area
of uniform emissions and turbulence. Mixing zone
width is defined as the width of the travelled way
(traffic lanes not including shoulders) plus 3 m
(horizontal dispersion adjustment) on each side.
Google Map measurements were applied to the
carriageway width of the roads.

Road link activity: Hourly traffic volumes were
taken from a study conducted at the Bago and Yangon-
Thanlyin bridges in 2013 (JICA, 2015) to obtain
hourly distribution factors. Subsequently, the hourly
traffic volume (vehicles/h) recorded in 2015 on Than
Lyin-Thilawa and Thilawa roads near the study area
(MJTD, 2016) were used to calculate the hourly traffic
volume based on hourly traffic volume distribution
factors (vehicles/h) obtained from a previous study
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(JICA, 2015). Furthermore, the total traffic volume in
the study area for 2021 was calculated using future
annual average daily traffic formula (Horowitz, 1999;
Dixon, 2004). The traffic volumes in the vicinity of the
monitoring points were obtained using mass balance
and after adjusting the percentage fraction based on
the location and direction of the roads in the existing
road networks in each township.

The CEF represented the source strength by the
average emission rate of all vehicle types in the local
vehicle kilometer (g/v-km). The weighted emission
factor was obtained based on the vehicle distribution
by type, age, and operation mode. Information on the
distribution of vehicle types was collected from the
Bago River Bridge EIA report (JICA, 2016). PMas
emission factors for different vehicle types were
obtained from the Automotive Research Association
of India, assuming a similar traffic pattern in
developing countries (ARAI, 2008). The evaluated
average CEFs for different vehicle types were used in
the CALINE 4 model for simulations.

The background concentrations for each
simulation were estimated according to the hourly
concentrations observed at the nearest monitoring
points. Based on the wind directions and distance
between the two points, the background
concentrations at the receptor location were assumed
to be 70% and 50% of the observed concentration at
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the nearest monitoring points for dominant and non-
dominant wind directions, respectively. For example,
at Point-4, the predominant wind direction during the
observation period was from the south, and the closest
observation location was point-5, which was situated
12.6 km away at the south-south-west region of Point-
4. Therefore, the background concentrations at Point-
4 were assumed to be 70% and 50% of the observed
concentrations at Point-5 for the dominant and
nondominant wind directions, respectively.

Five simulation domains were set up to
represent the emission sources from the existing road
networks in each of the five townships located near the
new YORR alignment. As the CALRoads View
Model could be used for a maximum of 62 links,
domains were set up considering this limitation.

Model performance evaluation was conducted
by regression analysis of observed and simulated PM; s
concentrations, including coefficient of determination
(r¥), normalized mean square error (NMSE), and
fractional bias (FB), as recommended by the U.S.
Environmental Protection Agency (Hanna et al., 1993).

3. RESULTS AND DISCUSSION
3.1 Meteorological results

Wind rose diagrams displaying the distribution
of wind directions and wind speeds for each township
are presented in Figure 2.

(b) Point-2

10% WIND SPEED

. (m/s)

[ >0
Il ss-110

EAST . i i

;R 36-57

[] 21-36

O o05-21

Calms 61.54%

o 2
. 6%

& 4%
2% St

Wi

(d) Point-4

e 15%

WIND SPEED
" 12%

(m/s)

[:] >=11.10
-11.0
-8.8
-5.7
-3.6
-2.1
Calms 58.24%

SOUTH

Figure 2. Wind directions and wind speeds at each monitoring station during the respective monitoring periods
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Figure 2. Wind directions and wind speeds at each monitoring station during the respective monitoring periods (cont.)

3.2 Observed and simulated results

Based on the hourly PM2s concentrations
observed at each monitoring station for seven days, the
maximum concentration observed at Point-1 was
176.76 ng/m®. This could be due to dust erosion from
nearby unpaved roads, vehicular emissions, or
domestic fuel consumption. In Myanmar, the ambient
air quality standard for the daily average
concentrations of PM., as prescribed in the National
Environmental Quality (Emission) Guidelines, is 25
ug/m?; this is similar to the value prescribed by the
General Environmental Health and Safety Guidelines
(ECD, 2015; IFC, 2007). The WHO released the

180

updated air quality guidelines in September 2021,
which significantly reduced the maximum allowable
safe levels of daily average PM2s concentration to 15
pg/m?. In this study, the daily average concentrations
of PM_s were generally higher than the value specified
in the new WHO guidelines, except at Point-4 and
Point-5 on certain days (Figure 3). The WHO
estimates approximately 7 million premature deaths
every year due to the effects of air pollution. However,
80% of the deaths attributed to PM_ s exposure can be
avoided if countries attain their annual air quality level
for PM2s (WHO, 2021).
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Figure 3. Range and daily average concentrations of PMzs during the 7-day observation period at all receptor locations

A recent study conducted in seven townships
of Yangon City, reported the highest PMg;s
concentration observed in the morning (16452
ug/m®) followed by the second highest concentration
in the evening (100+35 pg/m®) and the lowest
concentrations in the afternoon (3115 pg/m?®) in the
Hlaingtharyar Township (Yi et al., 2018). Another
study conducted in Mingaladon, one of the most
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crowded townships of Yangon, observed the daily
average PM,5s concentrations in residential and
commercial areas to be 23.60+10.13 pg/m*® and
33.40+10.64 pug/m3, respectively. It was observed that
61% of the observed PM;s concentrations exceeded
the previous guideline (25 pug/m?®) of the WHO. Tun et
al. (2017) concluded that PM2s concentration reached
its peak between 3:00 and 5:00 am, and after 9:00 pm
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at traffic congestion locations in Mingaladon
Township, Yangon. In this study, 74% of the observed
PM.s concentrations exceeded the new WHO
guideline (15 pg/m®), while 60% of the observed
results exceeded the old guideline (25 pg/m?®). Overall,
the PM2s concentrations in the present study were
lower than those in other studies conducted in the
Yangon area because the townships around the YORR
were outside the city and the traffic congestion in
downtown area of Yangon was acceptable.

The average of eight-hour interval con-
centrations of PM2s at each of the five monitoring
stations obtained during the seven monitoring days

were compared with the simulated concentrations by
the CALINE 4 model (Figure 4).

As shown in Figure 4, the highest eight-hourly
average PM_ s concentration was 99.65 pg/m3at Point-
1 (Hlegu Township). In general, the model slightly
underpredicted PM.s. Most of the observed eight-
hourly concentrations of PMjs were close to the
simulated results (difference of less than 10 pg/m?),
except at some points during a few monitoring
periods. Differences increased with varying wind
directions at the monitoring point. For example, wind
directions on day-1 (5:00-1:00 am) at Point-1 was
from several directions; therefore, the simulated
results had a higher difference (26.03 pg/m?).
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Figure 4. Observed and simulated PMz2.s concentrations at five monitoring stations during the seven-day observation period
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(c) Observed and simulated concentration of PM2s at Dagon Seikkan Township- (Point-3)
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(d) Observed and simulated concentration of PM2s at Thanlyin Township- (Point-4)
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Figure 4. Observed and simulated PM2.5 concentrations at five monitoring stations during the seven-day observation period (cont.)
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3.3 Performance evaluation of the model Performance evaluation parameters, r>, NMSE,
Scatter plots of the observed versus simulated  and FB, which are based on the regression analysis of
concentrations during the monitoring period are  observed and simulated PMjs concentrations, are

presented in Figure 5. shown in Table 4.
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Figure 5. Model performance for 8 h mean concentration at five receptor locations during the seven-day observation period

Correlation between the observed and simulated  values of correlation between the observed and
PMzs concentrations for all the receptor points was  simulated PM2s concentrations (0.95 and 0.89) with
higher than 0.85, which was better than the result  and without background concentrations have been
obtained by Yu et al. (2021) at 0.51. However, higher reported in other studies (Chen et al., 2008; Chen et
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al., 2009). As shown in Table 4, the values of the
correlation coefficient, FB, and NMSE were within

Table 4. Model performance evaluation

the acceptance limits. Hence, the CALINE 4 model
performed satisfactorily in simulating the PMs.

Model performance

Acceptance value

Point-1 Point-2 Point-3 Point-4  Point-5
Correlation (r?) 0.8714 0.9020 0.8873 0.9007 0.8576 closeto 1
Fractional bias (FB) 0.3760 0.0373 0.5000 0.0442 0.4367 -0.5<FB<0.5
Normalized mean square error (NMSE) 0.0287 0.0050 0.0510 0.1038 0.0010 NMSE<0.5
The CALINE 4 model can be effectively used REFERENCES

to estimate the concentrations of other air pollutants in
the YORR (Eastern Section), such as PMzs CO, and
NO., and compare with pre-project conditions. This
can aid in the vehicular pollution management of new
road projects.

4. CONCLUSION

Based on the hourly PM2s concentrations
during the seven days at each monitoring station, the
highest concentration observed at Point-1 was 176.76
ug/me. This could be due to dust erosion from nearby
unpaved village roads. When compared with the
ambient air quality guidelines of Myanmar,
International Finance Corporation (IFC), and WHO,
PM2s concentrations were generally high at all
locations, except at Point-4 and Point-5 on certain
days.

The observed 8-hourly average PMzs
concentrations (for seven days) were compared with
the simulated concentrations for all five receptor
locations. The slopes of the regression lines between
the observed (Y-axis) and simulated concentrations
(X-axis) were less than the ideal 1:1 line. Therefore,
model slightly underestimated PM.s. Based on
statistical analysis, r?, NMSE, and FB were well within
the prescribed limits. Therefore, the performance of
the CALINE 4 model was considered acceptable.

Mitigation measures, such as transportation
policies regarding the use of low PM emission fuels
and roadside barriers, need to be implemented by
regulatory authorities.
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Although conventional activated sludge has been demonstrated to be a feasible
approach for extracting nitrogenous chemicals and organic pollutants from
wastewater, it still has a number of drawbacks. In this research, a pilot-scale
biocord-integrated fixed-film activated sludge (Biocord-IFAS) reactor fed with
actual domestic wastewater was operated to examine the effect of varying
hydraulic retention time (HRT) on the COD and nitrogen removal. The type of
material employed in this study is fibrous polypropylene (biocord), which is a
major difference. The contribution of the Biocord-IFAS to COD removal
efficiency reached 94.2% at HRT of 8 h and gradually decreased to 82.9% when
HRT was reduced to 4 h. During the investigation period, a slight decrease in
nitrification was found at a shorter HRT. The NH4"-N removal efficiencies at
HRTSs of 10, 8, 6, and 4 h were 97.8%, 98.7%, 97.1%, and 96.3%, respectively.
The average effluent nitrate concentration was 5.3 mg/L with HRTs from 10 to 6
h, but over 30 mg/L with an HRT of 4 h. The SEM analysis results show that
microorganisms have formed on the biocord surface. The results of this research
have demonstrated the potential application of IFAS reactors in bioremediation

procedures employing biocord material with great processing efficiency.

1. INTRODUCTION

Hitherto, biofilm methods are rapidly being
used in wastewater treatment due to their advantages,
such as reduced reactor sizes, ease of operation, less
demanding solids separation needs, and improved
specialization of attached biomass. The integrated
fixed-film activated sludge (IFAS) method is one of
these technologies. This process is an integration
process that includes both suspended and attached
growth (Kim et al., 2010; Mahendran et al., 2012;
Malovanyy et al., 2015). By adding a fixed media to
a suspended growth basin, the IFAS system boosts
the microbial population and accelerates the
biodegradation of organic compounds, making it one
of the most common modified activated sludge
processes (Kim et al., 2010). The biomass attached to
the bio-carriers is kept within the system, which is a

fundamental advantage of the IFAS method over
traditional activated sludge procedures. The IFAS
system is a viable alternative for upgrading activated
sludge systems, particularly if land is limited. (Eslami
et al.,, 2018). In comparison to ordinary activated
sludge, the IFAS process has a higher COD and
nutrient removal efficiency.

Previous studies have shown that the IFAS
system is effective in removing nitrogen from
wastewater (Onnis-Hayden et al., 2007; Shao et al.,
2017). Furthermore, the IFAS process has exhibited
consistent nitrification at much lower mixed liquor
contents than the standard activated sludge process
can produce. As is well known, nitrification is divided
into two steps: In the first, ammonium is used by
autotrophic ammonia-oxidizing bacteria (AOB) to
make nitrite, and in the second, nitrite is oxidized to

Citation: Nhi NTT, Van PTT, Thao NT, Truc NTT, Hung TLTK, Tay DTN, Nhut HT, Hiep NT. Optimization removal of COD and nitrogen at
different hydraulic retention times in biocord-integrated fixed-film activated sludge system. Environ. Nat. Resour. J. 2022;20(4):411-418.
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nitrate by nitrite-oxidizing bacteria (NOB) (Xu et al.,
2014). A high COD promotes heterotrophic growth
and increases competition for space and oxygen
between heterotrophs and autotrophic nitrifying
bacteria (Bassin et al., 2012; Kim et al., 2011; Onnis-
Hayden et al., 2011). This has affected the nitrification
efficiency negatively. Bio-carriers are added to
conventional activated sludge reactors in the IFAS
design to provide surface area for microorganism
attachment and growth. The support media in the
IFAS reactor can also provide longer sludge retention
time (SRT) than the traditional activated sludge
process, allowing slow-growing nitrifying growth and
promoting nitrification (Shreve and Brennan, 2019).
As aresult, combining the properties of suspended and
attached growth processes by using specifically
designed biomass carriers for simultaneous COD and
nitrogen removal is more appealing.

However, because IFAS is a new technology,
there are still some studies in the literature that are
limited. There is a knowledge gap regarding the
impact of several operational variables on removal
performance and bio-carrier activity characteristics.
The goal of this study was to see how different HRT
parameters influenced the performance of a biocord-
IFAS reactor in the short term. The purpose of this
study was to assess the treatability of COD and
nitrogen in real home wastewater utilizing an IFAS
reactor system with bio-cords as bio-carriers.

2. METHODOLOGY
2.1 Characteristics of wastewater

The raw wastewater was collected from the
storage tank of Co May dormitory in Vietnam. The

characteristics of the dormitory wastewater are shown
in Table 1.

Table 1. Characteristics of influent wastewater used in the
research

Parameter Unit Range (n=3)
pH 6.9+0.3

SS mg/L 19545

DO mg/L 0.4+0.1
BODs mg/L 201.6+2.5
COoD mg/L 335.944.1
N-NOs- mg/L 0.30+0.01
N-NH4* mg/L 70.4+1.2
TP mg/L 4.9+0.9

2.2 Experimental apparatus

The pilot-scale Biocord-IFAS system employed
had a similar design as previously described in Nhut et
al. (2020). Figure 1 shows the Biocord-IFAS reactor
which is composed of transparent glass sheets with a
thickness of 8 mm and a useful volume of 27 L. The
Biocord media used in this research was made of a
polypropylene fibrous bundle with a specific surface
area of 1.6 m?/m (commercial code: MK-PP50, Bishop
Water Technologies, Canada). The total 2 m length of
Biocord was installed in an IFAS tank. In detail, the
wastewater was fed into the reactor from the sewage
tank by a peristaltic pump. The bioreactor was
operated at various HRT of 10, 8, 6, and 4 h. The
sludge retention time (SRT) was 10 days. The organic
loading rate (OLR) was from 05 to 1.5 kg
COD/md/day. The return activated sludge (RAS) rates
were chosen from 1 to 1.5Q. The average DO
concentration was maintained at 5.5+0.5 mg/L.

~

— Effluent

L
0

[ —

Air pump
\@] Biocord-IFAS

(2\} Sedimentation tank

( M) Biocord media /

Figure 1. Diagram of the Biocord-IFAS system.
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2.3 Analysis methods

In this research, the “Standard methods for
examining water and wastewater” (Baird et al., 2017)
was used for the determination of BODs (5210B), COD
(5220D), nitrate (4500-NOgz’), nitrite (4500-NO7),
ammonium (4500-NHs), suspended solids (2450B),
and total phosphorus (4500-P). DO and pH were
directly tested by Water Quality Checker WQC-22A
(DKK-TOA, Japan). Moreover, Scanning Electron
Microscopy (SEM, S-4800, HI-9039-0006, Hitachi,
Japan) was used to prepare images of the biofilm. In
addition, this study utilized the most common
statistical descriptive parameters such as mean and
standard deviations (zSD). The data were analyzed by
the SPSS 22 software package for Windows (SPSS
Inc., Chicago, IL, USA).

Table 2. Performance of treatment during the start-up test

3. RESULTS AND DISCUSSION
3.1 Overall performance of start-up phase

The start-up test operated for 15 days with a
hydraulic retention time (HRT) of 10 h. The average
efficiencies, as well as influent and effluent quality, are
presented in Table 2. The COD and ammonium
removal efficiencies were 79.5+3.3% and 86.2+0.9%,
respectively, in Biocord-IFAS reactors. Additionally,
attached biomass growth also achieved a steady state.
The MLSS concentration of mixed liquor was steady
at 2,675+150.4 mg/L. For the biocord, the biofilm was
mainly developed on the outer surface of the carrier.
However, the biocord possesses a large surface area
that microorganisms can attach in the cords, and then
develop over surface areas.

Parameter Influent (mg/L) Effluent (mg/L) Efficiency (%)
COD 230.1+15.8 46.7+5.6 79.5+3.3
N-NH4* 53.9+2.5 7.4+0.2 86.2+0.9
SS 115.746.2 27.7+1.1 76.0£1.7

3.2 COD removal

The removal of COD in the Biocord-IFAS
system was evaluated at different HRT as illustrated in
Figure 2. The removal efficiency of COD ranged
between 82.9% and 94.2% with HRT ranging from 4
to 10 h. The average effluent of COD concentration
was 37.2+14.4 mg/L for the operated HRTs. A similar
observation was reported by Dang et al. (2020), who
suggested the effluent COD from loofah sponges as a
bio-carriers in the IFAS system for the treatment of
municipal wastewater was maintained at a level of
35.24+18.9 mg/L, despite a change in the HRT from 3
to 7 h. The COD removal was maintained at
92.2+2.5%, 94.2+1.6%, and 91.7+2.9% at HRT of 10,
8, and 6 h, respectively, but was 82.94£3.0% at an HRT
of 4 h, which indicates that the HRT affects the COD
efficiency removal. This result agreed with Singh et al.
(2015), who reported that the IFAS maintained an
average removal rate of ~92% for COD at HRT of
6.9 h. In addition, Eslami et al. (2018) reported the best
removal efficiency of COD was 92.52+4.33% at HRT
of 10.8 h.

The effluent COD concentration not only
complies with the Vietnam National Technical
Regulation on Industrial Wastewater, QCVN
40:2011/BTNMT (75 mg COD/L, column A), but also
reaches the Vietnam National Technical Regulation
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for surface water quality, QCVN 08:2008/BTNMT
(50 mg CODI/L, column B2). Furthermore, the organic
content in the effluent was removed to an acceptable
level for reuse such as park irrigation, flushing a toilet,
or aquaculture recirculation.

3.3 Nitrogen removal

The variation of NHs*-N and NOs-N in the
dormitory wastewater treated using Biocord-IFAS are
shown in Figure 3. During the investigation period, the
NH4*-N removal efficiencies at HRTs of 10, 8, 6, and
4 h were 97.8+1.1%, 98.7+1.1%, 97.1+1.7%, and
96.3+£0.8%, respectively, which implies a slight
decrease in nitrification at a shorter HRT. This result
agreed with Sriwiriyarat et al. (2008), who reported
the IFAS system with a 0.6 m? of 2.54 cm Bioweb
media could always maintain ammonium removal
efficiencies greater than 95% at HRT of 6-10 h.
Furthermore, the effluent NH.*-N concentration
throughout the study period remained low, averaging
1.0£1.1 mg/L, which complies with the Vietnam
National technical regulation on domestic wastewater,
QCVN 14:2008/BTNMT (5 mg NH4*-N/L, column
A). Notably, there were a few days when the ammonia
concentration in the effluent was lower than detectable
(less than 0.4 mg/L), indicating that nitrification had
occurred completely.
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Figure 2. Variation of COD concentration at different HRTs

The average effluent nitrate concentration was
5.3+2.0 mg/L with HRTs from 10 to 6 h, but over 30
mg/L with an HRT of 4 h. At short HRT, the
denitrification process is not efficient because the
organic carbon source is not sufficient for the
metabolic  heterotrophic  microorganisms.  One
possible explanation was that low COD concentrations
inhibited the bioactivities of heterotrophic denitrifiers.
On average about 3.4% of nitrate was denitrified at

120

HRT of 4 h. The effluent nitrite concentrations
generally remained at less than 0.5 mg/L (data not
shown) across all HRTs illustrating that there was no
nitrite accumulation in the IFAS tank. This suggested
that very short HRT was unconducive to the contact
between pollutants degradations and the biofilm.
Meanwhile, residual organics in wastewater inhibited
the activity of nitrifying bacteria, which eventually led
to an inefficient nitrogen removal.
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Figure 3. Variation of nitrogen concentration at different HRTs
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3.4 Biofilm formation on the bio-carriers

After over 60 days of use in experiments, bio-
carriers in the IFAS reactor were removed to observe
biofilm formation. Figure 4 shows the SEM image
before and after biofilm formation on the surface
biocord in the IFAS reactor. Many gaps between the
polypropylene fibrous bundle can be seen in Figure 4
(a), providing a highly porous surface area for the
adhesion and trapping of microbial cells. For bio-
carrier materials, the important parameters affecting
microbial colonization are the surface area and the

S-4800 10.0kV 7.9mm x100 SE(M) 500um

100um

S-4800 10.0kV 7.7mm x500 SE(M)

$-4800 10.0kV 7.9mm x1.00k SE(M)

S-4800 10.0kV 7.7mm x2.00k SE(M)

ability to adhere. Figure 4 (c and d) show the formation
and development of microorganisms on the biocord
surfaces. These biofilms as surface-associated
communities of microorganisms could play a great
role in the bio-oxidation of organic pollutants
especially in the IFAS by means of a large surface area
for biomass accumulation. Indeed, Kim et al. (2011)
also showed that in the IFAS system, the ammonium
removal rate was better than that of conventional
activated sludge.

50.0um

20.0um

Figure 4. SEM images from biocord within IFAS reactor, (a, b) before biofilm formation, (c, d) after biofilm formation

3.5 Comparison of domestic wastewater treatment
performance between IFAS technologies

Table 3 shows a summary of IFAS performance
for domestic wastewater treatment between different
studies. As shown in Table 3, a variety of materials
have been used as carrier media. They are loofah
sponge, non-woven polyester, PE, plastic, and
biocord. According to the report of Lariyah et al.
(2016), the material of carrier media was vital and
affected the microbial ecosystem. Furthermore, the
filling ratio is important to control microbial activity.
It ranges from 10% to 50% selected as a function of
IFAS configuration (Table 3). On the other hand,
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Leyva-Diaz et al. (2017) indicated the filling ratio
affects the HRT and SRT (from a few hours to a few
days) because of the volume occupied by the media.
Under a high filling ratio, IFAS can accomplish high
nutrient removals due to higher SRT and higher
biofilm amount. The notable difference in this study is
the type of material used, which is fibrous
polypropylene (biocord). With outstanding properties
such as large surface area, high biocompatibility, high
durability and large size, it will limit washout in the
outlet stream. This has shown the potential application
of biocord material with high processing efficiency in
bioremediation processes.
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4. CONCLUSION

According to the results above, it is obvious that
using the Biocord-IFAS reactor can effectively
remove nitrogenous compounds and organic
contaminants from domestic wastewater. Meanwhile,
the HRT plays a key role in the system, and the
optimized solution was an HRT of 8 h. Under such
conditions, the removal efficiency of COD and
ammonium were 94.2+1.6% and 98.7+1.1%,
respectively. Analysis of the SEM images also showed
the development of microorganisms on the biocord
surfaces. These surface-associated communities of
microorganisms could play a great role in the
bioreactors. The effluent concentration not only
complies with the Vietnam National technical
regulation on domestic wastewater, QCVN
14:2008/BTNMT, but also reaches the Vietnam
National Technical Regulation for surface water
quality, QCVN 08:2008/BTNMT and the Vietnam
National Technical Regulation on Industrial
Wastewater, QCVN 40:2011/BTNMT. Thus, the use
of the biocord as a biofilm carrier in an IFAS reactor
can be an effective wastewater treatment alternative to
activated sludge.
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This study investigated the color removal efficiency of pulp and paper mill
wastewater using residual eucalyptus wood as a method to minimize the solid
wastes generated from pulp and paper processes. The activated carbon used in
this study as the color adsorbent was produced from residual eucalyptus wood.
The carbon was activated with phosphoric acid and carbonized in a furnace at
500°C for 60 min. Effects of types and amounts of activated carbon on color
removal efficiency were evaluated. Three types of solid wastes, consisting of
wood chip, bark, and mixed wood (wood chip:bark, 1:1), were investigated at a
loading of 1, 3, 5, and 7 g/100 mL under contact times of 30, 60, 90, and 120
min. The results showed that 7 g of wood chip activated carbon/100 mL under all
contact times gave color removal efficiency of 94-97%. However, the highest
adsorption capacity of 216 ADMI/g occurred at 1 g of adsorbent used. Freundlich
isotherms were satisfactorily fitted to experimental data for the best condition
with high correlation coefficients. The color removal efficiency depended on
surface area, pore volume, structure, and characteristics of the activated carbon.

1. INTRODUCTION

At present, Thailand has a high rate of paper use
leading to increasing waste in the paper industry. The
paper industry requires large volumes of processed
water of high purity and generates large amounts of
wastewater from digestion, lignin extraction, and
bleaching processes, which are highly colored.
Approximately 20 m® of fresh water are required to
process 1 ton of eucalyptus wood for producing pulp
and paper. Moreover, one ton of eucalyptus wood can
produce about 0.534 ton of paper and generate solid
waste such as bask, wood chip and dust of about 0.074
ton, 0.43 ton, and 0.018 ton, respectively. The pulp and
paper production generates a significantly large
amount of pollutants characterized by high
concentrations of suspended solids (SS), COD,
toxicity, and biochemical oxygen demand (BOD)
(Pokhrel and Viraraghavan, 2004). Pulp and paper
mill wastewater is a dark brown colored liquid known
as ‘black liquor’ (Kumar et al., 2021). The pulp and

paper mill effluent color is largely due to lignin
derivatives and polymerized tannins removed during
pulping and bleaching processes, which are resistant
to degradation due to the presence of carbon-to-carbon
biphenyl linkages (El-Bestawy et al., 2008). The color
of paper mill wastewater is one of the major
environmental problems because of the difficulty of
treating by conventional methods. Production of
various types of paper has been defined as a business
that is harmful to health because it produces color and
toxic substances from the production process
(Armstrong et al., 1998). Color not only causes bad
aesthetical effects but also reduces the self-
purification capacity of rivers by inhibiting
photosynthetic production of oxygen and direct
destruction of aquatic communities (Chooaksorn,
2012). Due to these risks, the Department of Industrial
Works of Thailand provides water quality standard
values for controlling the color of effluent from the
industry. The effluent standard of color is 600 ADMI
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for pulp production and 350 ADMI for paper
production (MNRE, 2018). Meeting the regulatory
discharge standards for pulp and paper mill
wastewater has become more difficult because of its
recalcitrant and colored dissolved organic matter
(DOM) (Shi et al., 2016). The effluent is normally
treated by biological process such as aerated lagoon
and activated sludge processes. The biological
processes are very effective for removing the
nonsettleable colloidal solids and to stabilize the
organic matter, but are unsuitable for removing the
color (Yadav et al., 2012).

Many processes are available to remove color
from pulp and paper wastewater. Activated carbon has
a well known high adsorption capacity and can absorb
both color and odor. The activated carbon prepared
from prickly pear seed cake by phosphoric acid
activation is effective for removing cationic and
anionic dyes such as methylene blue and methyl
orange from aqueous solution (ElI maguana et al.,
2020). Moreover, a maximum reduction of dying
effluent in color and COD of 91.84% and 75.21% was
observed using bamboo-based activated carbon
(Ahmad and Hameed, 2009). Additionally, the
performance of oat hull activated carbon was studied
and the results showed that COD and color removal
from landfill leachate were up to 90% (Ferraz and
Yuan, 2020). Therefore, the color removal efficiency
of pulp and paper effluent using residual eucalyptus
wood as activated carbon absorbent was investigated
in this study.

2. METHODOLOGY

The pulp and paper wastewater was collected
from the effluent of wastewater treatment plants at the
mixed tank after being treated with the secondary
clarifier process by grab sampling. The parameters
of pH, color, COD, TSS, TDS, and TKN were
investigated. The residual eucalyptus wood generated
from pulp and paper processes was used as activated
carbon for the color adsorbent. The characteristics of
pulp and paper wastewater used in the study are
described in Table 1. The BOD and COD ratio was
low at about 0.15 because the effluent was already
treated with biological processes. Therefore,
adsorption proved an attractive alternative process to
treat the color of the effluent after biological treatment.
The carbon was activated with 85% phosphoric acid
(wt:vol, 1:1) and soaked for 60 min. Activated carbon
was then washed with deionized water several times

until pH returned to neutral and dried at 105°C for 4 h
(Patnukao and Pavasant, 2008; Kongsuwan et al.,
2009), then carbonized in a furnace at 500°C for 60
min. (Kongsuwan et al., 2009). The activated carbon
was crushed and filtered using a sieve to a particle size
of 0.71 mm. (Chuyingsakuntip and Tangsathitkulchi,
2013). The physical characteristics of the residual
eucalyptus wood and activated carbon are shown in
Figures 1, 2, and 3.

Table 1. Characteristics of pulp and paper effluent used in this
study

Parameter Unit Value

pH - 7.8-8.2

BOD (mg/L) 13-17

COoD (mg/L) 96-102

TSS (mg/L) 10-13

TDS (mg/L) 1,362-1,370

Color ADMI (pH-Original)  379-384
ADMI (pH-Adjust) 338-345

Conductivity (ps/cm) 2,560-2,620

TKN (mg/L) 3.24-3.86

Experiments were carried out to investigate the
color removal efficiency in batch experiments. The
experimental design comprised a 3x4x4 factorial
design with 4 replications. The studied factors
included the type of eucalyptus wood (wood chip,
bark, and mixed wood), amount of activated carbon
(1, 3,5, and 7 g) and contact times (30, 60, 90, and 120
min) to determine the optimum condition of color
removal efficiency. A 250 mL Erlenmeyer flask was
used as an adsorption reactor with 100 mL working
volume. The amount of each type of activated carbon
was added according to the experimental design, and
the sample was shaken at 120 rpm for 30, 60, 90, and
120 min. The color concentration was analyzed using
a spectrophotometer following the ADMI method
(Kumar et al., 2021; Azha and Ismail, 2021). The
isotherms of Langmuir and Freundlich adsorption
were also studied to evaluate the adsorption pattern.

3. RESULTS AND DISCUSSION
3.1 Effect of type and amount of activated carbon
Regarding the three types of activated carbon
investigated, the maximum color removal efficiency
was obtained from wood chips due to their physical
properties such as porosity and surface area. Bark
differs from wood chips in terms of its anatomical
structure, properties and chemical composition as
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Figure 1. Physical structure: eucalyptus wood chips (a); eucalyptus bark (b); eucalyptus wood chips after carbonization (c); and eucalyptus

bark after carbonization (d)

Figure 2. Physical characterization of wood chip activated carbon with SEM photographs of wood chip activated carbon: wood chips
500X (a); wood chips 1000X (b); wood chips 3000X (c); and wood chips 5000X (d)

shown in Figure 1. The physical structure of wood and
bark AC are illustrated in Figures 2 and 3,
respectively. The eucalyptus wood chip AC is mainly
composed of tube structures, which should promote
the velocity of liquid diffusion for the adsorption
process. However, bark AC consists of xylem and

phloem and is a narrow layer of tissue. The pore size
of wood chip AC was larger than bark AC and
exhibited nonuniform pore size from 3.597 um to
23.89 pum, while bark AC had similar pore size from
8.467 um to 14.75 um as shown in Figure 4. The fixed
carbon in bark was higher than in wood chips, namely,
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13.10% in bark and 16.42% in wood chips. The
volatile matter content of wood chips and bark was
83.23% and 75.05%, respectively. The ash in bark was
approximately four times higher than that of others,
namely, 0.5% in wood and 1.35% in bark. (Kiatgrajai
et al., 1994; Kongsuwan et al., 2009; Borgesa et al.,
2019). Moreover, the results showed that when using
wood chips of 7 g/100 mL, the highest color removal
efficiency of 97% was obtained, as shown in Figure

5(a). Moreover, TDS decreased from 1,370 mg/L to
713 mg/L and conductivity also decreased from 2,620
ps/cm to 1,220 ps/cm as illustrated in Table 2.
However, the highest adsorption capacity of 216
ADMI/g occurred at 1 g of adsorbent used. When
using bark and mixed wood of 7 g/100 mL, the highest
color removal efficiencies of 84 and 89% were
obtained, as shown in Figures 5(b) and 5(c),
respectively.

Figure 3. Physical characterization of bark activated carbon with SEM photographs of bark activated carbon: bark 500X (a); bark 1000X

(b); bark 3000X (c) and bark 5000X (d)

Figure 4. Surface characteristics and pore sizes of wood chip AC (a), and bark AC (b)

3.2 Effect of contact time

The effect of contact time was determined on
color removal in batch experiments. Regarding the
three types of activated carbon from loading at 1, 3, 5,
and 7 ¢g/100 mL for a contact time of 30, 60, 90, and

120 min, the efficiency of adsorption increased with
increasing contact time. However, color adsorption
rapidly increased in the first period. After that, the
color adsorption gradually decreased.
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Figure 5. Color removal efficiency using eucalyptus wood chips (a); using eucalyptus bark (b); and using mixed wood (c) at activated
carbon loading 1, 3, 5, and 7 grams for contact times of 30, 60, 90, and 120 min

Table 2. Characteristics of pulp and paper effluents after adsorption using wood chips AC for 120 min

Parameter Unit Amount of wood chips AC (Q)
1g 39 509 79

COD (mg/L) 84-91 73-80 45-56 28-37
TSS (mg/L) 7.6-8.2 5.8-6.6 5.6-6.4 4.6-5.4
TDS (mg/L) 1,320-1,360 1,190-1,210 984-998 698-728
Color ADMI (pH-Original) 158-171 117-128 35-43 10-11

ADMI (pH-Adjust) 138-151 71-78 39-58 15-30
Conductivity (ps/cm) 2,140-2,160 1,910-1,940 1,620-1,680 1,220-1,280

In addition, the highest color removal efficiency
of 97% was obtained from wood chips loading at 7
9/100 mL for contact times of 120 min. This result was
similar to that of EI maguana et al. (2020) reporting
that the adsorbed amount increased with contact time
at the initial stage of adsorption and reached
equilibrium in 120 min. Obviously, a specific period
is desired for using a high amount of wood chip
activated carbon. When the contact time increased to
120 min, the color removal efficiency significantly

differed from that of 30 min. The highest color
removal efficiency of 84% was observed when using
7 9/100 mL of bark-activated carbon as an adsorbent
for 90 min. However, the highest color removal
efficiency of about 89% was achieved using 7 g of
mixed wood for 120 min as shown in Figures 5(a),
5(b), and 5(c). The effluent after adsorption had
characteristics within the effluent standard of color
according to the regulation of the Ministry of Industry.
Freundlich isotherms were supposed to be
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satisfactorily fitted to these experimental data for the
best condition of wood chip AC because of high
correlation coefficients as shown in Table 3 and Figure
6. When comparing the R? values, the Freundlich
equation represented a better fit of equilibrium
experimental data than that of the Langmuir.
Therefore, the color adsorption process of the wood
chip activated carbon could be described more
appropriately using the Freundlich isotherm,
indicating the multilayer adsorption on the
heterogeneous surface (Rajahmundry et al., 2021).
When contact time increased, the ability of
adsorption also increased until equilibrium was
achieved. In the first period, the fast initial adsorption
occurred because the concentration gradient in the

Table 3. Langmuir and Freundlich’s adsorption isotherm parameters

solution and the surface space of the adsorbent
remained plentiful. After that, the ability of adsorption
reduced until equilibrium was attained because the
spaces had been fully absorbed with color and other
substances (Srimoon, 2016). The fixed carbon contents
and pore size of activated carbon were factors
influencing the color removal efficiency (Okeola et al.,
2012). Moreover, TDS concentration and conductivity
decreased with increasing amount of adsorbent and
contact time. To predict the mechanisms of the color
adsorption process on different types of eucalyptus
wood activated carbon, the Freundlich isotherm
model described the adsorption process with a high
coefficient of determination R? better than the
Langmuir isotherm model.

Activated pH Langmuir adsorption isotherm Freundlich’s adsorption isotherm
carbon Qm(mg/lg)  Ki=b (L/mg) R? 1n Kf (L/g) R
Wood chips pH original 11.86 0.070 0.4956 2.106 1.2990 0.6131
pH adjust 14.22 0.024 0.7021 1.436 0.4976 0.8588
Bark pH original 141.29 0.00057 0.9761 1.221 0.1801 0.9659
pH adjust -117.32 -0.00062 0.9721 1.009 0.0803 0.9751

Wood chip 120 min color pH-Adjust

Linear (Wood chip 120 min color pH-Adjust)
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y =0.6963x - 0.3031

1.20 - R? = 0.8588

1.00

0.80 -

log Qe

0.60 -

0.40 A

0.20 A1

0.00

0.00 0.50 1.00 1.50 2.00 2.50

log Ce

bark 120 min color pH-Adjust

Linear (bark 120 min color pH-Adjust)

1.40
y = 0.9914x - 1.0955
1.20 1 R2=0.9751
1.00 -
&
> 0.80 -
o
0.60
0.40
0.20
0.00 ; ; ; ;
0.00 0.50 1.00 1.50 2.00 2.50
log Ce

Figure 6. Freundlich isotherms of eucalyptus wood chip AC (a) and bark AC (b) for 120 min contact time

4. CONCLUSION

The use of activated carbon prepared from
residual eucalyptus wood using phosphoric acid and
carbonized in a furnace at 500°C for the removal of
color of pulp and paper mill wastewater has been
studied. The adsorption efficiency of wood chip
AC was higher than bark and mixed wood due to
its physical characteristics. The color removal
efficiencies were slightly increased by increasing the

amount of activated carbon from 1 to 7 g per 100 mL
of wastewater. The adsorption process occurred
rapidly on the surface of the adsorbent when using a
large amount of the adsorbent because more surface
area of the adsorbent was obtained. Moreover, the
ability of absorbent increased with increasing contact
time from 30 to 120 min. When contact time increased,
the ability of adsorption also increased until
equilibrium was achieved. Therefore, a shorter contact
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time was sufficient when using a higher amount of
adsorbent. Regarding the experimental data, the
eucalyptus wood chip activated carbon gave the
highest color removal efficiency due to higher fixed
carbon content and nonuniform pore sizes because of
tube structure variation. The activated carbon can be
regenerated with appropriate methods. If the activated
carbon cannot be economically regenerated, it must be
treated and disposed in an approved landfill.
Therefore, the economical regeneration of activated
carbon and other alternative biomass substances
should be studied.
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Peatland rehabilitation in Indonesia has been massively carried out since 2016
following a huge fire event in 2015. Rehabilitation efforts have so far focused
only on burned areas, although non-forested areas and areas with a limited
number of juveniles must also be considered for natural regeneration. Spatial
mapping can identify areas that need revegetation so that resources can be used
more effectively and efficiently. This study aims to map potential areas for
peatland rehabilitation by determining the distribution of tree canopy cover using
the Forest Canopy Density (FCD) model from Landsat 8 OLI. The area selected
for study was Ex-Mega Rice Project (MRP) area in Pulang Pisau district and
Palangka Raya city, which burns almost every year. The study identifies eight
areas with different levels of Forest Cover Density (FCD). Our field observation
confirms that the eight different areas have different levels of natural
revegetation. When forest cover is 1-30% of the FCD model, natural regeneration
is insufficient and revegetation is required. This study found that 34,543.3 ha or
22.1% of the area of the MRP needs to be rehabilitated. This result provides
information on which areas can be naturally revegetated and which areas need to
be rehabilitated. This information is important to develop a peat restoration
strategy and increase the likelihood of success.

1. INTRODUCTION

Despite covering a relatively small portion of the
global land area (Andriesse, 1988; Page et al., 2011; Xu
et al., 2018), peatland provides numerous benefits both
for the global and local community (Usup et al., 2021).
About 3.1% or 13.43 million ha of the world’s
peatlands are in Indonesia (Anda et al., 2021), and
especially widespread on the three largest islands,
namely Sumatra (5.8-7.2 million ha), Kalimantan (4.5-
5.6 million ha) and Papua (about 3.8 million ha) (Anda
et al., 2021; Ministry of Agriculture, 2011; Page et al.,
2011; Wahyunto et al., 2005). In Kalimantan region,
peatlands in Central Kalimantan Province accounted
for 2,659,234 ha or 55.6% of the total peat in the island
(Ministry of Agriculture, 2011).

Peatlands are a unique and fragile ecosystem.
This ecosystem habitat consists of peat with depths that
vary from 25 cm to more than 15 m. This ecosystem
also has a distinctive richness of flora and fauna and has
a high economic value. The peat swamp ecosystem also
plays an important role in maintaining the climate and
environmental balance, both as a reservoir of water and
as a carbon storage (Daryono, 2009).

Peat forests in Central Kalimantan have been
degrading as a result of logging activities, agricultural
land extensification, and forest fires. In the 1980s,
there were approximately 200 forest concession units
(HPH) in peatland areas, with a total area reaching 13
million ha. These concession companies have the right
to cut down various woods in the peat swamp forests,
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and the destruction of the peat forests had begun at this
time (Cattau et al., 2016). In the 1990s, there were
more than 50 forest concessions exploiting peat
swamp forests in Central Kalimantan. The
exploitation and degradation of peat swamp areas was
further exacerbated by the Mega Rice Project (MRP),
which was implemented under Presidential Decree
No. 82 of 1995. This project was intended to support
food production by using one million hectares of peat
forestin Central Kalimantan to create agricultural land
(Government of Indonesia, 1995; Surahman et al.,
2018). The project (PLG) then built approximately
4,533 km of drainage canals as necessary
infrastructure for agriculture in the peat swamp area.
The combination of forest clearing and canal
construction resulted in the peatland being over-
drained and prone to fire. As a result, the 2015 fire was
one of the worst fires in the history of forest and land
fires in Indonesia in the last 18 years. More than 2.6
million ha of forest and land burned from June to
November 2015. These fires triggered dense smog and
caused a national problem. Economic losses from
these fires were estimated at $16.1 billion (Glauber et
al., 2016). This fire event also released an estimated
800 megatons to 1.6 giga tons of carbon dioxide
equivalent (Peat Restoration Agency, 2016; Glauber et
al., 2016). The Indonesian government stated that 33%
of the burned area in 2015 was peatland (Peat
Restoration Agency, 2016).

Degraded peatlands need to be rehabilitated to
restore their functions and benefits. The rehabilitation
of peatlands is also critical to ensure the sustainability
of ecosystem services. From an ecological
perspective, peatlands provide habitat for enormous
endemic species, maintain hydrological balance, and
contribute to climate change mitigation. In addition to
their ecological importance, peatlands also support the
livelihoods and basic needs of local communities.
Peatlands provide fresh water, food, medicinal plants,
building materials, fuelwood, and are also a source of
their culture (Cheyne and Macdonald, 2011; Wich et
al., 2008). In order to restore and maintain the function
of peatlands, degraded peatlands must be revegetated.
Revegetation of degraded peatlands is intended to
complement natural revegetation. Revegetation of
degraded peatlands generally uses endemic species
that adapt well to flooding and high acidity (Graham
etal., 2017).

The Peat Restoration Agency (Badan Restorasi
Gambut or BRG) is one of the Indonesian government
agencies that has implemented revegetation programs
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such as (a) planting endemic and adaptive seeds on
open peatlands, (b) enriching plantings in degraded
peat forest areas, and (¢) improving and implementing
seed dispersal technigues to promote peat vegetation
regeneration. The revegetation activities focused on
the areas burned in 2015. The target revegetation areas
were classified into three forest classes: dense,
medium, and sparse. This classification was based on
the 2017 land cover map, which was re-verified with
Landsat and the spot image using the on-screen
digitizing method.

The main obstacles to the re-vegetation of
peatlands include the large area to be worked and the
difficulty of access. Therefore, revegetation of
degraded peatlands should be well planned to increase
the probability of success, use resources efficiently,
and reduce costs. Spatial mapping can help identify
areas that need revegetation. In this way, allocation of
resources (e.g., time, effort, and cost) can be more
effective and efficient. This study aims to map
degraded peatland by using the distribution of tree
canopy cover from the Forest Canopy Density (FCD)
model of Landsat 8 OLI to identify areas that need
revegetation. This spatial mapping is further able to
provide recommendations for areas that need to be
revegetated, existing natural regeneration, and
vegetation structure and composition in the study area.

2. METHODOLOGY
2.1 Study area

This study is located in the Ex-Mega Rice
Project (MRP) area in Pulang Pisau regency and
Palangka Raya city (Figure 1). The Ex-MRP area is
tropical peatland that has been degraded due to
deforestation, and the construction of canals that over-
drain the peat and make it susceptible to fires. The
study area, which is part of Pulang Pisau
administration, covers an area of approximately
131,200 ha and is inhabited by communities in seven
villages: Henda, Jabiren, Pilang, Sakakajang, Simpur,
Tanjung Taruna, and Tumbang Nusa. On the other
hand, the study area in Palangka Raya administrative
area covers an area of approximately 24,500 ha, which
includes eight villages: Langkai, Panarung, Bereng
Bengkel, Kalampangan, Kameloh Baru, Kereng
Bangkirai and Sabaru.

The research site reflects a tropical peat swamp
area that is severely threatened by land conversion for
agricultural purposes, construction of canals and
roads, fires, and pressure from population growth.
Agricultural land converted from peatlands usually
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causes fires during the dry season, the effects of which
are also felt in neighboring countries such as
Singapore and Malaysia. The research site is a peat
dome that is prone to fires. The success of revegetation
at this site will have a major impact on reducing
carbon emissions from agriculture, forestry, and other
land use (AFOLU).

The local communities in the study area are
predominantly subsistence communities that are highly
dependent on natural resources and forests. Their main
sources of livelihood are rubber cultivation, fishing,
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artisanal mining, and collection of non-timber forest
products. The peat swamp forests provide latex,
building materials, honey, and livestock to meet the
basic needs of the local people (Suwito et al., 2020).

2.2 Data acquisition

The basic canopy cover map was obtained from
Landsat 8 OLI imagery from the United States
Geological Survey (USGS) with the January 2020
Path/Row 118/62 acquisition.
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Figure 1. Map of research site in Palangka Raya City and Pulang Pisau Regency

2.3 Correction and normalization image

To obtain a better image of tree canopy cover,
the basemap is then corrected to reduce spectral
disturbances such as thin clouds, water, shadows, and
atmospheric  disturbances. The correction was
performed using Forest Canopy Density Mapper V.2
software. The generated image was then processed
with the Digital Earth Map of Indonesia with datum
World Geodetic System (WGS) 1984 using Quantum
GIS 3.16 software to improve the geometry.

2.4 Image processing in FCD

The tree canopy cover map was then analysed
to differentiate the spectral data from the Landsat
image using FCD models (Rikimaru, 1996; Rikimaru
and Miyatake, 1997; Chandrashekhar et al., 2005; Roy
et al., 1997; Sukarna et al., 2021), with the following
descriptions:
Advanced vegetation index: AVI = ((NIR + 1) x

(256 — Red) x (NIR Red))"/*

Bare soil index: Bl = SWIR + Red)=(NIR + Blue)
(SWIR + Red)+(NIR + Blue)
100 + 100
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e Shadow index: SI = ((256 — Blue) x (256 —
Green) X (256 — Green))'/3

o Temperature index: TI - L = (L.min +
(L.max — L.min))255 x Q

Landsat’s spectral bands consist of 8 OLI/TIRS
band colors comprising of Blue Band, Green Band,
Red Band, Near Infra-Red (NIR) Band, Short Wave
Infra-Red (SWIR) Band, L (Thermal infrared
radiance), and Q is the digital number of the images.

The analysis included four indices of analysis.
The advanced vegetation index (AVI) was used to
calculate and evaluate changes in green vegetation
density. The bare soil index (BI) was used to examine
open areas. The shadow index (SI) was used to analyse
forest cover conditions, and the thermal index (T1) was
used to determine the differences in micro temperature
in each land cover unit. Based on these four indices,
the value of forest canopy density is estimated using
the following equation (Rikimaru and Miyatake,
1997):

Forest Canopy Density ; FCD = (VD x SSI + 1)V/2-1
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2.5 Field survey in tropical peatland

The field survey was conducted to validate the
result of the FCD analysis and to calculate the number
of natural regeneration of seedlings, saplings, poles,
and trees on each hectare. The field survey was
conducted using the purposive sampling method. Field
survey sampling was conducted for each canopy cover
class generated from the Forest Canopy Density
(FCD) model (8 classes). Each FCD class consisted of
four graded plots with two replicates replications. A
2x2 m? plot was used for seedling regeneration
observations, a 5x5 m? plot was used for sapling
regeneration observations, a 10x10 m? plot was used
for pole regeneration observations, and a 20x20 m?
plot was used for tree regeneration observations
(reference). A total of 64 plots were observed in this
study, evenly distributed among eight classes of tree
canopy cover in the FCD model.

2.6. Assessment of sufficiency of natural re-
generation

Data obtained from field observation were
analysed by calculating density (stem/hectare).
Whether an area is vegetated or not is determined by
assessing the sufficiency of natural regeneration. The
assessment of sufficient natural regeneration was
based on the standards issued by Ministry of Forestry
(1994) and Wyatt-Smith and Panton (1995). The
criteria for adequate natural regeneration from the two

@

(b)

standards are 1,000 seedlings/ha, 240 saplings/ha, 75
poles/ha and 25 young trees/ha.

2.7. Classification result test

The classification results are tested for accuracy
using the confusion matrix method. Classification
results are compared to existing field conditions. The
confusion matrix provides data on the accuracy of the
classification results in terms of overall accuracy (%),
producer accuracy (%) and user accuracy (%).

3. RESULTS AND DISCUSSION
3.1 Forest Canopy Density (FCD) processing

The first process is the elimination of water
disturbances and the reduction of cloud disturbances.
The result of this process is images that are free of
water disturbances and thin clouds. Standing water,
light clouds, and thin clouds must be removed to
obtain the optimal coverage class of the Landsat 8
OLI. To eliminate water and thin clouds, the threshold
value is inserted into the curve. The larger the value,
the more water will be removed by the software. A
similar method is then used in image normalization for
cloud and shadow noise. The vegetation index (RVI)
and bare soil index (Bl) were calculated after the
process of reducing cloud, water, and shadow
disturbances was complete (Figure 2). Next, the
thermal index (TI) and shadow index (SI) are
calculated using the FCD mapper (Figure 3).

Figure 2. The results of the calculation of the vegetation index (a) and the bare soil index (b) in the Forest Canopy Density (FCD) mapper

software
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@

Figure 3. The results of the calculation of the thermal index (a) and the shadow index (b) in the Forest Canopy Density (FCD) mapper

software

The next important process in creating canopy
cover from the Forest Canopy Density (FCD) model is
index integration. The first index combination is the
combination of vegetation index (VI) and bare soil
index (BI). The result of combining these two indices
is vegetation density index (VD) (Figure 4(a)). The
second index is a combination of shadow index (SI)
and thermal index (T1). The combination of these two

@

indices results in the scaled shadow index (SSI)
(Figure 4(b)).

The final process in the series of creating tree
canopy coverage in the Forest Canopy Density (FCD)
mapper is the combination of the vegetation density
index (VD) with the shadow scale index (SSI). The
result of combining this index is new data called the
Forest Canopy Density model/FCD model, as shown
in Figure 5.

Figure 4. The vegetation density index (VD) is the result of the combination of the vegetation index (V1) and bare soil index (BI) (a) and
the shadow scale index (SSI) as a result of the shadow index (SI) and thermal index (T1) (b) in Forest Canopy Density (FCD) mapper

3.2. Classification test results and field survey

The test of classification results was performed
by comparing the classification results of the FCD
model with the field data. The test results using the
confusion matrix give an overall accuracy (89.7%), a
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producer accuracy (89.8%), and a user accuracy
(89.9%). The FCD accuracy rate exceeds the value of
85%, which is the most acceptable standard in remote
sensing research (Foody, 2008).
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Figure 5. Forest Cover Density (FCD) class

This is consistent with Azadeh et al. (2017),
Himayah et al. (2017), Mann et al. (2019), Rikimaru
(1996), and Rikimaru and Miyatake (1997) who found
that the Forest Canopy Density (FCD) model is very
good at differentiating forest cover. FCD is also
appropriate when applied with Landsat imagery and in
tropical countries. The application of the revegetation
space model in tropical peat swamp areas using the
FCD maodel has only been applied to this study.

The results of the confusion matrix analysis
show that the software has weaknesses in mapping
forest structures in tropical peat swamps. The
weakness is that whenever there is still a large puddle
of peat swamp water, the software shows higher values
than the facts on the ground (overestimation).

3.3. Field survey results in tropical peatland

The results of the field study on eight classes of
canopy revealed three main landscapes: (a) Degraded
tropical peat swamp forest; (b) Semi-degraded tropical
peat swamp forest; and (c) Non-degraded tropical peat
swamp forest. In general, the area is classified as non-
degraded tropical peat swamp forest with an area of
68,477 ha or 44% of the study area. The field study
also shows the area of degraded tropical peat swamp
forest with an area of 34,543.3 ha or 22.2% of the
study area (Table 1).
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Degraded tropical peat swamp forests (FCD 1-
30%) show that most of the areas that require
revegetation are burned areas with FCD below 30%.
This is consistent with the 2015 spatial study by the
Ministry of Environment and Forestry (KLHK) for
spatial study in 2017, 2019, and 2020, which shows that
a large number of burned peat swamp areas in the study
area need rehabilitation. The study area is severely
degraded due to over-drainage and deforestation. Dianti
et al. (2018) stated that excessive drainage is the cause
of peatland water mass loss. Hirano et al. (2009) stated
that loss of peat moisture in the surface layer is also a
factor that can trigger fires. The loss of water in the peat
due to drainage that divides the “hummock” makes the
peat swamp area susceptible to fires (Hirano et al.,
2009; Susilo et al., 2013).

The results of the study also show that the area
required for rehabilitation spread at the area accessible
by both roads and rivers/canals. This result is
consistent with the findings of Rachmanadi et al.
(2017) which stated that the closer the accessibility,
the fewer species and vegetation density. The loss of
tree species diversity is also due to logging as a result
of easy accessibility to the field. The vegetation found
in the study area such as Purun (Lepironia articulata)
and Patanak (Elaeocarpus sp.) and various species of
young trees such as Tumeh (Combretocarpus
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rotundatus) and Geronggang (Cratoxylon  of peatlands in Southeast Asia occurs through
arborescens). Dohong et al. (2017), Tonks et al.  deforestation, conversion to industrial plantations,
(2017), and Cattau et al. (2016) noted that degradation ~ drainage, and repeated fires.

Table 1. Forest canopy class based on FCD Model in study area

Symbol FCD model Field appearance Landscape description Hectare %
FCD 1-10% Degraded tropical peat swamp 24,430.7 15.7
e forest
sli— .\ Most of this area consists of a
o0\ L\ new burn scar area. Natural
revegetation from all classes
(seedling, sapling, pole, and
tree) is rare. Located at the area
with high access such as river
bank, near the village road and
the canal.

FCD 11-20% 3,221.9 2.1

FCD 21-30% 6,890.7 4.4

Semi degraded tropical peat 11,628.7 7.5
swamp forest.

In general, this area includes the

relatively old burn scar area.

Natural regeneration occurs at

an early stage, so seedlings and

saplings dominate. The area is

easily accessible by small rivers,

unused canals, or small trails.

FCD 31-40 %

FCD 41-50% 16,517.6 10.6
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Table 1. Forest canopy class based on FCD Model in study area (cont.)

FCD model
FCD 51-60 %

Symbol Field appearance

e I

FCD 61-70 %

FCD 71-80 %

Total

Landscape description Hectare %

24,581.2 15.8

Non degraded tropical 31.6
swamp forest

the majority of this area consists
g of ex-logging areas. The
succession process in this area
almost reaches the natural state.
There are no signs of burned
areas. The vegetation in this area
exhibits all stages of growth
(seedling, sapling, pole, and
tree). Natural regeneration in the
form of trees and poles is
abundant in this area. This type
. of area is located in a remote
area, far from accesses or has no
access.

peat 49,182.4

19,294.6 124

155,747.8  100.0

3.4. Assessment of sufficiency of natural re-
generation

The results of the field survey on 64 field
measurement plots show that the FCD has insufficient
natural regeneration at canopy cover levels of 1-30%.
The lack of natural regeneration at the 1-30% canopy
cover level of the FCD model can be seen in the
regeneration of seedlings, saplings, pole and trees
(Figures 6, 7, 8, and 9).

Figure 6 shows that it is difficult to find
seedlings when canopy cover is 0-30%. Canopy cover
0-30% is a burned area in 2015 and 2019. Forest and
bog fires eliminate almost all seeds in the study area.
In the regions with canopy cover 31-40%, the number
of seeds increased sharply, reaching about 12,500
stems/ha. The field survey showed that canopy cover
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of 41-50% was the most common canopy cover that
had a sufficient number of seedlings.

Figure 7 shows that the amount of saplings in
the remaining burned areas of the 2015 and 2019 fires
is relatively low. Sapling density is estimated to be
between 11-13 stems/ha at 0-30% of canopy cover.
This sapling density is still far from the sufficient
level, which is 240 stems/ha. The field survey found
that stem density is highest at 41-50% canopy cover.

The absence of poles in FCD 0-30% indicates
that no tree survived the large wildfire in 2015 and
2019. Tree density begins to reach sufficient level at 31-
80% FCD. The field survey indicated that the most
abundant tree natural regeneration is found at 51-60%
FCD, which equates to 25 stems/ha. The trees in this
area are more diverse compared to the other FCD level.
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Figure 6. Sufficiency of natural regeneration at the seedling level at the tropical peat swamp research sit
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Figure 8. The density of pole in various forest cover density (FCD) in peat tropical forest
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Figure 9. The density of trees in various forest cover densities (FCD) in peat tropical forest

Figure 9 shows the loss of young trees in the
remaining areas burned in the 2015 and 2019 fires.
Tree density begins to reach sufficient levels at FCD
31-80%. The field survey found that the highest stem
density is achieved at 51-60% canopy cover. Referring
to the asessment of the sufficiency of natural
regeneration using the standards issued by Ministry of
Forestry of Indonesia (Ministry of Forestry, 1994) and
the Manual of Malayan Silviculture for Inland Forest
(Wyatt-Smith and Panton, 1995), then FCD 1-30%
means that the area needs to be revegetated. The field
conditions in the canopy cover of FCD 1-30% show a
wide and deep burned area, showing the loss of all
types of growth from seedlings to young trees.
Yuningsih et al. (2018) found that no tree seedlings
could grow at the burn site three years after the fire.

3.5. Landscape of Revegetation Areas in Tropical
Peat Swamps

From the results of the field observations, it
appears that the landscape that needs to be revegetated

contains areas that are often flooded for a very long
period of time, even in the dry season. The flooded
areas are the Klaru and Sebangau landscapes. Long-
term flooded peat swamps without drainage require
different revegetation techniques (Figure 10). The
paludiculture technique is recommended for
rehabilitation of these types of landscapes (Tata and
Susmianto, 2019; Tan et al., 2020). Jessup et al. (2020)
and Ramdhan and Siregar (2018) stated that a
landscape approach that is carried out in a
participatory manner and involves the community
around the site is an appropriate approach for peatland
restoration.

The results show that the frequently flooded
areas for revegetation represent about 21,589.9 ha or
13.8% of the studied area. These flooded areas are
generally located to the left and right of the river and
in areas that have subsided after fire (Table 2). This is
consistent with the findings of Ohkubo et al. (2021)
and Anshari et al. (2021) that puddling and subsidence
of peat soils occur after fires.

Table 2. Distribution of revegetation area according to species resistance to flooding

Symbol Landscape description Hectare %
Non degraded area 121,204.5 77.8
Avrea requires revegetation with peat swamp forest vegetation 12,974.4 8.3
Long period flooded area requires revegetation with flood resistence species 21,568.9 13.8

Total 155,747.8 100.0

4. CONCLUSION

Our spatial mapping of the ex-mega rice project
identifies eight areas with different levels of FCD.
Field observations revealed that these eight different

areas have different levels of natural revegetation.
When forest cover is 1-30% of the FCD model, natural
regeneration is insufficient and revegetation is
required. This study shows that 34,543 haor 22.1%
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resistance to flooded

of the area of the Ex-Mega Rice Project needs
rehabilitation. The results of this survey provide
information regarding the natural revegetation in the
study area and which areas require rehabilitation. This
information is essential to develop a peatland
rehabilitation strategy and increase the likelihood of
success. Tropical peat swamp areas that are always
flooded during the rainy season and for several months
afterward interfere with the analysis in the FCD. The
water puddles cause the FCD mapper to overestimate
forest structure in the prediction. To avoid this, it is
better if the mapping is done with the FCD mapper
using Landsat 8 OLI on the peak dry season image.
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