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Dwindling carbon (C) and nitrogen (N) levels in paddy soils decreases rice
production and threaten human food security globally. The efficient maintenance of
C and N fluxes in soil-rice systems is a crucial prerequisite for agricultural and
environmental sustainability. Herein, we examined the C and N fluxes from 63
rainfed rice paddy fields under conventional farming (CF) and organic farming (OF)
systems in Thailand. The C and N fluxes were measured based on a detailed analysis

Keywords:
Biogeochemistry/ Fluxes/ Nutrients/ of relevant influxes (fertilizer, manure, and biomass addition) and effluxes (biomass
Paddy soil harvest and greenhouse gas emission). The results demonstrated that the harvested

grain and straw contributed to the most abundant C and N effluxes for both farming
systems. The CHy effluxes were moderate, whereas the NO effluxes were meager
relative to their total effluxes. Stubble incorporation and animal manure addition to
soil were the most extensive C influxes. However, the primary N influxes were
stubble incorporation and animal manure addition for the OF system, and chemical-
N fertilizers for the CF system. Net C depletions were observed in both the CF and
OF systems. However, net N was depleted and accumulated in the CF and OF
systems, respectively. Straw incorporation to soils could restore the net C
accumulations for the CF and OF systems and elevate the net N accumulation for
both systems. This study highlighted that complete straw removal has exacerbated
the C and N stock in soil-rice systems, inducing insecurity for the environment and
the agricultural systems. Effective straw management is a simple approach for
sustaining paddy rice production.

* Corresponding author:
E-mail: worachart.w@ku.th

1. INTRODUCTION

Carbon (C) and nitrogen (N) are essential
macronutrients for plants; their cycling in terrestrial
ecosystems is of global importance to agriculture and
the environment (Xue and An, 2018). Both elements
play critical roles in plant productivity and
environmental sustainability through climate change
mitigation via reduced greenhouse gas emission and
increased carbon sequestration (Purwanto and Alam,
2020). These elements are also primary integral
components of soil organic matter (SOM) (Cheng et al.,
2016; Xue and An, 2018). Globally, C distribution in
agricultural soils is characterized by extensive areas of
low C and N levels worldwide (Zomer et al., 2017).
This indisputable evidence demonstrates that global

warming threatens C sequestration in soil and terrestrial
systems (Arunrat et al., 2018). Therefore, there is an
urgent prerequisite to implement practical measures for
enhancing C and N levels in soil-plant systems for
agricultural and environmental sustainability.

Rice is a primary staple food of people
worldwide, especially in Asia. Maintaining soil C and
N stocks in paddy rice systems is crucial for human
food security and long-term food production (Li et al.,
2017; Purwanto and Alam, 2020; Zhou et al., 2020).
Biogeochemical cycling of C and N fluxes in a soil-
rice system involves their influxes and effluxes (Atere
etal.,, 2017; Ge et al., 2015; Liu et al., 2019). Organic
fertilization and harvested residue incorporation are
primary C influxes in soil systems (Mortensen et al.,

Citation: Kaiphoem J, Sornhiran N, Leksungnoen P, Saentho A, Nansahwang A, Khunthong S, Aramrak S, Prakongkep N, Wisawapipat W.
Biogeochemical cycling of carbon and nitrogen in rainfed rice production under conventional and organic rice farming. Environ. Nat.
Resour. J. 2022;20(5):438-454. (https://doi.org/10.32526/ennrj/20/202200019)
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2021; Zhou et al., 2020). Mineral and organic fertilizer
utilization are the major soil N influxes (Cui et al.,
2020). Both C and N effluxes from rice paddies could
be related to harvested crop removal and atmospheric
greenhouse gas emission (Witt et al., 2000).

A recent study in the Japanese soil-rice system
revealed a net N accumulation accomplished by
combined chemical and organic fertilizers as the main
N influxes, with straw removal as the primary N efflux
(Nguyen et al., 2020a). Conversely, the N depletion
associated with the harvested rice contributed 61-68%
of the total N loss, with chemical fertilization, crop
residue, and animal manure incorporation causing a net
N depletion (Sridevi and Venkata Ramana, 2016).
Paddy rice production under anaerobic conditions could
promote soil C sequestration by decreasing the SOM
decomposition rate (Qiu et al., 2018) and enhancing net
C and N accumulations (Liu et al., 2018).

Agricultural practices are critical factors for C
and N cycling in soil-plant systems (Yadav et al.,
2019). Two typical farming systems are conventional
farming (CF) and organic farming (OF). Regardless of
agrochemical utilization, the CF system can apply
chemical and organic fertilizers, ensuring high yields
from large-scale production (Arunrat et al., 2017).
Much research has reported that the CF systems with
high chemical-N fertilization have exacerbated nitrous
oxide emissions (Rahmawati et al., 2015; Robertson et
al., 2000). Conversely, OF systems supplying plant

nutrients solely from organic materials may result in
low crop yields (Seufert et al., 2012; Timsina, 2018).
Much studies have demonstrated that organic
amendment additions in the OF system could
profoundly mitigate greenhouse gas emissions and
promote net N accumulation in soil-rice systems (Qin
et al., 2010; Rahmawati et al., 2015; Setyorini and
Hartatik, 2021). The types and extents of C and N
influxes are derived from the diverse agricultural
practices affecting the yield, biomass, and net C and N
fluxes of the soil-rice systems.

We hypothesized that CF and OF systems could
have pronounced impacts on C and N cycling and their
stock in soils and could cause long-term insecurity
for sustainable rice production. Obtaining practical
and effective rice paddy management measures that
achieve C and N accumulations in soil-rice systems
through proper management is an essential prerequisite
to agricultural and environmental sustainability.
Therefore, the objective of this study was to examine
detailed measurements of the C and N fluxes in rice
paddies in Thailand under CF and OF systems. The
conceptual framework for this research is given Figure
1. This study should enhance understanding of how
agricultural practices affect C and N fluxes, which can
assist in the design of a strategy and policy to
implement adaptive management for sustainable
agriculture and the environment.

Paddy field
Organic farming
Input: & i Farmer decision making around E
* Chemical fertilizer climate change
+ Animal manure
* Green manure Output: @
* Root & stubble * Harvested | ¢ Ranfall  * Harvested | ‘===
+ Rainfall straw & grain =
.+ CH, & N0 £ &
emission — _—
W —~ —~ b
- Compare &

Dimensions (Dimensions of the study compared between the two systems)

Soil
o Soil propertics
o CandN
concentrations

Environment Economic return

@ Production cost
U Farmers income
Q Net profit

© Cand N fluxcs
o Ccredit

Good practices

|

Scientific findings ‘
Farming Soil* Grain yields Plant (biomass) Net flux Net profit
Straw + Grain Root + Stubble ~ Carbon Nitrogen
Conventional farming © b @ © a @ @ b @ @ © b
Straw + Grain  Root + Stubble ~ Carbon Nitrogen
Organic farming © © a © b © @ @. @ © @ @ a

Remark: () Positive impact (53 Negative impact

* Indicate pH, OM, and Total N; aand b indicate values are significantly different base on T-test at P < 0.05

Figure 1. The conceptual framework for investigating biogeochemical cycling of carbon and nitrogen in rice production under

conventional and organic farming
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2. METHODOLOGY
2.1 Soil and rice sampling

This study investigated 63 pairs of soil and rice
samples from Amnat Charoen Province, Thailand,
where rice (Oryza sativa) is a major product (Figure
2). Jasmine rice, Khao Dawk Mali 105 (KDML105)
variety is the most common rice variety in the studied
area. This is a photosensitive rice with a typical
cultivation period from mid-July to mid-December.
One rice crop is grown annually. The studied area was
in the rainfed zone with average annual temperature
and rainfall of 27.6°C and 1,349 mm/year, respectively
(Figure 3). The limited irrigation areas allow for the
cultivation of some other crops. The soil and rice
samples were collected on a grid (6 km x 6 km) that
covered major representative soil series (Re, Kt, Ub,

and Ng) in the studied area. Detailed sample
coordinatesare given in Table S1. The soils in this area
have been mainly associated with sandstone.

At harvest in late November to early December
2019, composite and undisturbed soil samples from
each defined location were taken from the topsoil layer
at 0-20 cm depth. The soil samples (n=63) were air-
dried, ground, and passed through a 2 mm sieve for
further physiochemical analysis. The finely ground
soil materials (<0.5 mm) were prepared for analyses
of organic carbon (OC), total carbon (TC), and total
nitrogen (TN). The samples were preserved in plastic
containers at room temperature before the chemical
analyses. The undisturbed samples of soil cores were
determined for bulk density.

Thailand

Study Sites
Conventional farming (CF)
Organic farming (OF)
Landuse
Paddy rice

Others

Amnat Charoen province

Figure 2. Sampling locations of soil and rice pairs (n=63) in Amnat Charoen Province, Thailand. Orange and green symbols indicate
conventional farming (CF, n=28) and organic farming (OF, n=35), respectively.

For rice sampling and data collection, rice straw
was manually cut at about 60 cm above the soil
surface in the same paddy field where the soil samples
were collected. This cutting height reflected the
common practice of hand-harvesting by farmers. Such
a height allows more stubble to remain in the field
relative to machine harvesting (average cut height is
30 cm above the soil surface). Biomass samples of
roots, stubble, and straw (combined panicles, leaf, and
stem) were collected from a1 m x 1 m area. The roots
and stubble were carefully removed from each soil
sample and thoroughly washed with surface water.
The samples were rinsed with tap water on arrival at
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the laboratory, and deionized (DI) water was used for
the last washing step. The rice grain yield was taken
from an area of 2 m x 2 m and reported at 14% (w/w)
moisture content. Whole grains were dehusked and
polished using a small milling machine; the
corresponding yields of brown and white rice grains
were recorded. All biomass weights were recorded
after oven-drying at 65°C until constant weight. The
plant samples were ground and preserved in plastic
containers before analyses. The resultant seven rice
parts (roots, stubble, straw, whole grains, husk, white
rice, and brown rice) were used for the subsequent C
and N measurements.
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Figure 3. Average values of annual temperature and annual rainwater in Amnat Charoen Province, Thailand 2010-2019

2.2 Soil management data

The soil and fertilizer management regime for
each location was obtained based on rice farmer
interviews (n=63). The soil-rice management data,
including the rates and types of chemical and organic
fertilizers and green manure utilization applied in each
area, were also collected during the interview; together
these were used to calculate the C and N fluxes in the
soil-rice systems. The C and N effluxes from harvested
crops were calculated from the rice biomass and the C
and N contents in all plant parts. Conventional farming
(CF, n=28) and organic rice farming (OF, n=35)
systems were observed in the studied area. The OF
system was certified according to European or Thai
organic standards (Organic Agriculture Certification
Thailand, 2019).

Economic returns, including the production cost,
the farmers income, and net profit, were also estimated
for each location. The production costs in our study
were calculated based on information provided by the
respondents to the questionnaire on the inputs of rice
cultivation, including chemical fertilizer, animal
manure, and green manure utilization. Farmer income
was solely from rice sales, calculated from the rice yield
and price. The yield was measured at each location. The
price was derived from Office of Agricultural
Economics (2021). Net profit was the difference
between the production cost and the rice sale income.
Carbon credits were determined based on the tonnes of
carbon dioxide equivalent (t CO-e) of soil C stock and
rice biomass (root and stubble incorporation) using an
average price of 0.80 USD/t COe (USD 1=THB 31.5)
for biomass trading volume (Thailand Greenhouse Gas
Management Organization, 2021).
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2.3 Soil analysis

The physicochemical analyses were carried out
using standard procedures, with details of the analysis
described by Sparks et al. (1996). The soil texture and
bulk density were determined using a hydrometer and
soil core methods, respectively. The soil pH was
measured using a soil-to-water ratio of 1:1. Organic
matter (OM) was measured using the Walkley-Black
wet oxidation method (Walkley and Black, 1934).
Available phosphorus (P) was extracted using Bray-II
extracting solution. The cation exchange capacity
(CEC) and exchangeable bases (Ca, Mg, Na, and K)
were obtained using the 1 M NH,OAc (pH 7.0)
method. The concentrations of Ca, Mg, Na, and K in
the NHsOAc extract were determined using atomic
absorption spectroscopy.

2.4 Carbon and nitrogen analyses in soils and rice
plants

For C and N determination in the soil and rice
samples, total carbon (TC) and total nitrogen (TN) in
the soil samples were measured using a dry
combustion method (ISO, 1995). Approximately 10-
20 mg of finely ground soil samples were weighed in
tin capsules and measured using an NCS analyzer
(Elementar, Flash 2000 Series, Thermo Scientific)
combusted at 900°C. All seven plant parts (roots,
stubble, straw, whole grains, husk, white rice, and
brown rice) were measured for their TC and TN
concentrations using the same procedure. Duplicates
of an organic analytical standard (acetanilide OAS)
were conducted to check the result accuracy of each
batch (n=63). The accuracy levels for C and N in the
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samples was excellent at 100.15+0.25 and

100.60+0.44%, respectively.

2.5 Carbon and nitrogen stocks and fluxes in soil-
rice systems

The total C and N stocks in the topsoil layer for
each location were calculated by multiplying the C and
N concentrations in the soil samples with their
respective bulk densities and a soil depth of 20 cm (the
common depth of paddy surface soils). The C stock
and N stocks were reported as the total mass of the
respective total C (Mg C/ha) and N (kg N/ha) in soils.

Net C flux was calculated from the difference
between C influxes and effluxes. The C influxes
consisted of the C concentrations from the roots and
stubble and the animal and green manure applied to
the soils. The C effluxes were the C concentrations
from the harvested straw and grain and the CHs
emission. Typically, the straw is completely removed
from the field for sale or as cow fodder, some of which
is later recycled in the form of cow manure. Rice
stubble burning is rare in the studied area because
farmers can only grow one rice crop annually and so
there is no haste regarding land preparation for a
second rice crop. The CH4 emission was based on the
IPCC Guidelines (IPCC, 2006), as shown in the
equation:

2 1

CH, =t X (SFW><SFP><SFO)><—><m

1
16

Where; CH4 is the C released from methane
emission for each area (mg C/ha), t is the rice
cultivation period (115 days in this study), SFy, is the
scaling factor to account for the differences in water
regimes during the cultivation period, SF, is the
scaling factor to account for the differences in water
regimes in the season before the cultivation period,
and Sk is the scaling factor to account for differences
in the types and amounts of applied organic
amendments calculated as:

SFp = (1+ Y ROA; x CFOA;)"

Where; ROA, is the application rate of organic
amendment i in dry weight for straw and fresh weight
for other amendments (ton/ha), and CFOA; is the
conversion factor for organic amendment i in terms of
its relative effect relative to straw applied shortly
before cultivation.

The N fluxes were calculated from the N influx
and efflux differences. The N influxes consisted of the
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N contents from incorporating roots and stubble,
fertilizer, animal, and green manure additions, and
rainfall. The influxes from fertilizers, manure, and
green manure were calculated using their respective
application rates and N concentrations. The rainfall N
was estimated from rainfall records in the studied area
with the NOs;~ and NH4* concentrations based on those
reported by Panyakapo and Onchang (2008). The N
effluxes were calculated from the N concentrations
from harvested straw and grain as well as from N.O
emissions.

The direct and indirect N.O emissions (reported
as kg N/ha/year) were based on the Tier 1 IPCC
Guidelines (IPCC, 2006), as shown in the equations:

(Fsn + Fon + Fcr + Fsom)

Direct N,0 emission = [ X EFypg

Where; Fsn, Fon, and Fcr are the annual
amounts of chemical-N fertilizer, organic manure, and
crop residues applied to soils, respectively (kg
N/year), Fsom is the annual amount of mineralized N
related to C loss from soils (kg N/year), and EFigr is
the emission factor for N2O emission from N inputs to
flooded rice.

The Fsom value was computed as:

1
Fsom = 2 [ACuineral X x | X 1000

Where; ACwminerar iS the average annual loss of
soil carbon for paddy rice (t C/ha/year) and R is the C-
to-N ratio of the soil organic matter at each location.
The calculated carbon mineralization data were
derived from Arunrat et al. (2018), whose study was
conducted on the same type of coarse soil texture in
the same region as in the current study area.

Inirect N,O emission = [Fgy X Fracgase + Fon X
FracGASM] X EF4_ + [(FSN +
Fon + Fcr + Fsom) X
Fraceach X EFs]

Where; Fraceasr and Fracecasm are the N fractions
of the respective synthetic and applied organic N
fertilizer that volatilizes as NHs and NOy, whereas the
EF4 is the emission factor for N>O emissions from
atmospheric deposition of N in soils and water, Fraceach
is the fraction of all added N that is mineralized in
managed soils in regions where leaching/runoff occurs,
and EFs is the emission factor for N.O emissions from
N leaching and runoff. All emission factors relevant to
the CHsand N,O emissions applied in this study are
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provided in Table 1. Details of the C and N influxes
from chemical fertilizers, animal, and green manures
are given in Table S2.

The changes in total C and N stocks in soils
were estimated under two schemes: 1) removal and
incorporation of straw as:

Soil C stock change=Total C stock+n C fluxes
(with and without straw incorporation)

Soil N stock change=Total N stock+n N fluxes
(with and without straw incorporation),

Where; total C and N stocks are the total C and
N stocks of the year i at each location and i indicates
the year of projection (n=1-10).

2.6 Statistical analysis

Normality of the data was checked using the
Shapiro-Wilk test. The mean differences in soil
properties, the C and N contents in each rice part, soil
stock and fluxes of C and N, the economic return
(production cost, farmers income, net profit, and
carbon credit from soil C stock and rice biomass)
between the two farming systems were analyzed using
a t-test. Mean differences of the C and N contents in
the different rice parts were tested using an F-test and
ANOVA. All statistical analyses were tested at a
significance level of 0.05.

Table 1. Relevant emission factors based on IPCC Guideline (IPCC, 2006) used for calculating CH4 and N2O emissions in this study

Abbreviation Description Values and specific notes

CHa emission

SFw Scaling factor to account for the differences in water regime during the 0.27 for regular rainfed
cultivation period

SFp Scaling factor to account for the differences in water regime in the season  0.68 for non-flooded pre-season
before the cultivation period >180 days

CFOA; Conversion factor for organic amendment i in terms of its relative effect ~ 0.29 for straw incorporation
with respect to straw applied shortly before cultivation >30days before cultivation,

0.14 for animal manure, and
0.50 for green manure

N20 emission

EF1rr Emission factor for N2O emissions from N inputs to flooded rice 0.003

ACMinerat* Average annual loss of soil carbon for paddy rice (t C/ha) 1.173

Fraccasr Fraction of synthetic fertilizer N that volatilizes as NHz and NOx 0.1

Fraccasm Fraction of applied organic N fertilizer materials that volatilizes as NH3 0.2
and NOx

FracLeach Fraction of all N added mineralized in managed soils in regions where 0.3
leaching/runoff occurs

EF4 Emission factor for N2O emissions from atmospheric deposition of Non  0.01
soils and water surfaces

EFs Emission factor for N2O emissions from N leaching and runoff 0.0075

L ACwinerar is Obtained from Arunrat et al. (2018)

3. RESULTS
3.1 Soil characteristics

The physicochemical properties of the studied
paddy soils (n=63) under conventional farming (CF,
n=28), and organic farming (OF, n=35) systems varied
substantially among the locations tested within each
rice farming system (Table 2). Sandy loam was the
most common soil texture in the studied area on 37
sites. The soil pH varied greatly from extremely acidic
to moderately alkaline. The OM and TC contents
varied from very low to slightly high, while the TN
content ranged from low to high. The available P
varied from very low to very high. The CEC ranged
from very low to low, whereas the exchangeable Ca,
exchangeable Mg, and exchangeable Na varied
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between very low and moderate, and exchangeable K
varied between very low to very high.

Based on average data, the studied soils were
sandy loam with the bulk density not affecting the
penetration of plant roots (BD=1.47 g/cm). The soils
were acidic (pH=5.14) with very low contents of TC
(4.65 g/kg), TN (0.82 g/kg), and exchangeable Ca
(1.22 cmolc/kg), low contents of exchangeable Mg
(0.31 cmolc/kg), exchangeable Na (0.19 cmolc/kg),
and exchangeable K (0.07 cmol/kg), and a moderately
low level of available P (9.35 mg/kg). Comparing both
farming systems, the OF system soils had significantly
higher pH, OM, and TN values than those in the CF
system. The available P and total C contents in the
soils of the OF system had higher average values than
for the CF system but none were at a significant level.
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28) and organic farming

Table 2. Range (minimum-maximum) and average (mean+SD) of soil properties in topsoil (0-20 cm depth) for paddy rice production from conventional farming (CF, n=

(OF,n

=35)

Clay

(%)

Silt

Sand
(%)

Exch.K BD

Exch.Mg Exch.Na

CEC Exch.Ca

Avail.P

Total N
(9/kg)

Total C
(9/kg)

oM

pH*

Practice

(%)

(g/cm)

(cmol/kg)
0.02-0.40
0.07+0.07
0.02-0.24
0.06+0.06
0.02-0.40
0.07+0.08

(cmol/kg)  (cmol/Kkg)
0.05-0.66

0.03-2.97

(cmol/kg)
0.16-9.18

(cmol/kg)
0.72-12.07
3.10+2.20

(mg/kg)

(g/kg)

(H20)

2-30
10+6

6-45
19+8

40-88

1.25-1.69

1.00-65.50
9.35+9.35

0.36-1.94
0.82+0.28
0.36-0.84

1.81-18.55

4.65+2.17
1.81-7.02
4.43+1.24

2.90-29.0

4.30-7.95

Min-Max
Mean+SD
Min-Max

All
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72+11
40-88

1.47+0.09
1.32-1.62

0.19+0.12
0.05-0.52

0.31+0.50
0.04-2.97

1.22+1.64
0.16-7.50

8.50+3.70
2.90-12.0

5.14+0.66

4.30-6.05

Location

CF

5-27
1045

6-45

0.72-12.07
3.43+2.58
0.75-9.90

1.00-24.00
7.16+5.16

19+10
8-36
19+7

7112
49-87

1.49+0.08
1.25-1.69

0.19+0.12
0.05-0.66

0.31+0.55
0.03-2.22

1.37£1.70
0.24-9.18

0.64+0.13°
0.51-1.94

7.34£2.13°
4.07-28.9

Mean+SD  4.95+0.48°

Min-Max
MeanxSD

2-30
9+6

2.00-65.50
11.1+13.26

2.32-18.55
4.82+2.70

4.45-7.95

OF

72+10

1.47+0.09

1.11+1.60 0.32+0.46 0.19+0.12

0.97+0.29* 2.84+1.84

9.41+4.41*

5.29+0.74%

ns ns ns ns ns

ns

ns

T-test

46.69 34.23 113.13 67.54 133.68 158.40 63.38 97.59

43.63

12.76

CV (%)
1OM: Organic matter; Total C: Total Carbon; Total N: Total Nitrogen; Avail. P: Bray-1l extractable P; CEC: Cation exchange capacity; Exch. Ca, Mg, Na, and K: NH,OAc exchangeable Ca, Mg, Na, and K respectively; BD:

Bulk density; CV: Coefficient of variation. Mean values with different lowercase superscripts are significantly different based on t-test at p<0.05.

3.2 Rice grain yield and biomass production

The rice grain yield and biomass production in
different rice parts differed among the locations and
farming systems (Figure 4). Therice grain yield in the
CF system (3.53 ton/ha) produced a significantly
higher grain yield than the OF system (3.03 ton/ha).
The combined straw and grain biomass on a dry
matter basis in the CF system (7.04 ton/ha) was also
higher than for the OF system (6.32 ton/ha) but none
of these components were significantly different from
each other. Conversely, the combined root and
stubble biomass in the OF system (3.26 ton/ha) was
significantly more abundant than in the CF system
(2.35 ton/ha). The low rice yield observed in this
study was typical for this Thai fragrant rice compared
to other varieties (Suwanmontri et al., 2021).

3.3 Carbon and nitrogen concentrations in rice
parts

The concentrations of C and N in the different
rice parts (root, stubble, straw, whole grain, husk,
brown rice, and white rice) under both the CF and OF
systems are presented in Figure 5. The average C
concentrations in the different plant parts for each
farming system were significantly different (Table
S3). The average C concentrations in the whole
grain (CF=404 and OF=409 g C/kg) and straw
(CF=402 and OF=406 g C/kg) were significantly
higher than in the stubble (CF=395 and OF=398 g
C/kg) and roots (CF=334 and OF=339 g C/kg).

The average N concentrations  were
significantly differentamong the rice parts. There was
more N in the whole grain (CF=10.06 and OF=10.48
g N/kg), but accumulated less in the roots (CF=6.77
and OF=7.51 g N/Kkg), straw (CF=5.96 and OF=6.12
g N/kg), and stubble (CF=3.98 and OF=4.26 g N/kg),
respectively. The brown grain had the highest N
concentration (CF=12.82 and OF=12.64 g N/kg) in
the whole grain but was lowest in the husk (CF=3.56
and OF=3.70 g N/kg), indicating that rice bran
contained the greatest accumulation of the N fraction
in the rice plants.

3.4 Carbon and nitrogen fluxes in paddy rice
systems

Since C and N are the primary plant nutrient
elements for sustainable paddy rice production, the C
and N flux differences (influxes and effluxes) for the
CF and OF systems were measured (Table 3). Our C
mass fluxes demonstrated that the current C influxes
varied greatly from 0.97 to 1.63 mg C/halyear
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(x=2.64 mg C/halyear), depending on the location and
farming system (Table S4).

In 62 of the 63 sites (98%), the C mass fluxes
showed net depletion, indicating a severe decline in
soil C in these rice production systems. The C mass in
the OF system (-3.05 to +0.12 mg C/ha/year, x=-1.50
mg C/ha/year) was less depleted than in the CF system
(-4.78 t0 -0.95 mg C/ha/year, x=-2.37 mg C/ha/year)
(Table 3). This could be primarily attributed to the
considerable influxes of biomass (roots and stubble)
and animal manure added to the soils in the OF
systems. The rice roots and stubble incorporated into

the soils contributed the most significant C influxes to
paddy rice production, corresponding to 58-67% of the
total C influxes. The C influxes from the roots and
stubble in the OF system (0.46-2.02 mg C/ha/year,
x=1.21 mg C/halyear) were significantly higher than
in the CF system (0.19-1.71 mg C/ha/year, X=0.84 mg
C/ha/year). The C influx from animal manure in the
OF system (x=0.58 mg C/ha/year) was also more
abundant than in the CF system (x = 0.29 mg
C/halyear), corresponding to 23-28% of the total C
influxes (Table 3).
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Figure 4. Rice grain yield box plot (a) and biomass production bar plot in different parts of rice plant parts (b) under conventional farming
(CF, n=28) and organic farming (OF, n=35) systems. Error bars for (b) indicate standard variation of data in each system. Different
lowercase superscripts indicate significant difference based on t-test at p<0.05.
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Figure 5. Concentrations of C (a, b) and N (c, d) in different rice parts under conventional farming (CF, n=28) and organic farming (OF,
n=35) systems. Different lowercase letters above box plots indicate significant differences based on F-test at p<0.05. WG, BR, and WR
denote whole grain, brown rice, and white rice, respectively.
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The harvested straw and grain accounted for the
most significant part of the total C effluxes (71-78%),
for which the CF system (1.36-4.86 mg C/halyear,
x=2.83 mg C/ha/year) was higher than for the OF
system (1.52-4.20 mg C/ha/year, x=2.57 mg C/ha/year).
There were no significant differences in the C effluxes
between the systems. The C efflux from straw in the CF
and OF systems contributed 53-57% of the combined
straw and grain C effluxes, indicating that considerable
C from the rice straw was removed from the paddy
fields and could be recycled into the soil-rice systems.
The calculated CH, emission efflux ranged from 0.80
to 1.02 mg C/halyear (Table S5), corresponding to 22-
28% of the total C effluxes. The CHjy efflux in the OF
system ( x=1.02 mg C/ha/year) was significantly higher
than that in the CF system (X =0.80 mg C/ha/year).

The N mass fluxes revealed net accumulations
in the OF system (-42.7 to +70.8 kg N/ha/year,
X=+4.87 kg N/ha/year) but showed net depletions in
the CF system (-59.4 to +56.9 kg N/ha/year, x=-4.56
kg N/ha/year), as shown in Table 3. The large variation
in N mass fluxes occurred because of the large
variations in the chemical and organic fertilizer inputs.
There was no significant difference between the two
systems. N fertilization was the most critical N influx
in the CF system (9.38-57.2 kg N/ha/year, x=22.25 kg
N/ha/year), corresponding to 42% of the total N
influxes. Conversely, the animal manures (0-75.4 kg
N/ha/year, x=23.5 kg N/ha/year) and root and stubble
incorporation (7.36-37.8 kg N/ha/year, x=18.41 kg N/
ha/year) were the two main N influxes for the OF
system, corresponding to 41% and 32%, respectively.
The N influx from precipitation was meager,
accounting for only 0.8-0.9% of the total N influxes
(x=0.46 kg N/ha/year, Table S6).

Straw and grain harvests were the primary N
effluxes for the CF (x=55.0 kg N/ha/year) and the OF
(x=50.3 kg N/ha/year) systems. The N efflux from
grains in both systems accounted for 57-58% of the
combined straw and grain N effluxes. The N efflux
from N2O emission (1.27-1.80 kg N/ha/year) was very
low (2-4%) compared to the total N effluxes (Table
S5). The OF system (x= 1.80 kg N/ha/year) had a
significantly higher N>O emission than the CF system
(x=1.27 kg N/ha/year).

3.5 Estimation of changes in carbon and nitrogen
stocks and fluxes

Based on the mass fluxes of the C and N
influxes and effluxes for our studied locations, we
estimated the changes in the C and N stocks in the next
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10 years under two scenarios: (1) current practice of
straw removal (Figure 6) and (2) proposed measure of
straw incorporation (Figure 7). The existing soil C
stock in the CF system (5.87-22.18 mg C/ha, X =13.17
mg C/ha) was not significantly different from the OF
system (6.65-54.5 mg C/ha, X =14.12 mg C/ha).
Conversely, the current soil N stock in the OF system
(1,516-5,702 kg N/ha, X 2,827 kg N/ha) was
significantly higher than in the CF system (1,121-2,656
kg N/ha, X =1,905 kg N/ha).

In the first scenario (straw removal practice), by
the year 2030, the C soil stock declined critically from
13.17 mg C/ha to -10.58 mg C/ha for the CF system
and from 14.12 mg C/ha to -0.83 mg C/ha for the OF
system. Most importantly, the estimated soil C stock
in the CF and OF systems severely declined and was
exhausted by 2026 and 2029, respectively (Figures 6
(@) and (b)).

The second scenario (entire straw incorporation;
Figures 7 (a) and (b) could turn the current net C
depletion into a net accumulation of +0.19 mg C/ha for
the CF system and of +0.96 mg C/ha for the OF system.
Therefore, the estimations of the soil C stock in the next
10 years (up to 2030) considerably increased to 15.05
mg C/ha for the CF system and to 23.73 mg C/ha for
the OF system. This C stock in the straw incorporation
scenario was far greater than the unchanged practice
scenario without the straw incorporation (-10.58 and -
0.83 mg C/hafor the CF and OF systems, respectively).
The soil C concentration increased to 5.08 g C/kg for
the CF system and to 8.10 g C/kg for the OF system in
the next 10 years, whereas those in the current measure
were exhausted.

The soil N stock in the CF system slightly
decreased from 1,905 kg N/ha to 1,860 kg N/ha in the
next 10 years (Figure 6 (c)). Conversely, the N stock in
the OF system slightly increased from 2,827 kg N/ha to
2,876 kg N/ha with stable soil N at a low level (Figure
6 (d)). With the straw incorporation over the next 10
years, the current net N depletion (x=-4.56 kg N/ha)
turned into a net N accumulation (X=+42.15 kg N/ha)
for the CF system and significantly enhanced the N
accumulation from +4.87 kg N/ha to +48.39 kg N/ha for
the OF system. By 2030, the N concentration for the CF
and OF systems was expected to increase to 0.79 and
1.13 g N/kg, respectively.

Notably, the estimation was linearly based on the
constant net C and N fluxes and thereby had some
limitations as it did not consider the consequential
effects of changes in C and N stocks to C and N
effluxes. However, it was worth demonstrating that
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simple practices of straw incorporation (typically
neglected by local farmers) could result in net C
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Figure 6. Estimation of changes in stocks of soil carbon (a, b) and nitrogen (c, d) under conventional farming (CF, n=28) and organic
farming (OF, n=35) systems. Each data point indicates average values of soil C and N stocks with corresponding C and N fluxes. The
orange and green shaded areas indicate standard deviation of entire dataset (n=63). The C fluxes were -2.37 mg C/ha for CF and -1.50 mg
C/hafor OF. The N fluxes were -4.56 kg N/ha for CF and 4.87 kg N/ha for OF.

3.6 Estimation of values of rice production cost,
farmers income, net profit, and carbon credits

For sustainability of rice production, the
production cost, the farmers income, and net profit
(Table 4) should be taken into consideration in
addition to the rice grain yield. Although the CF
system (3.53 ton/ha) had a significantly higher grain
yield than the OF system (3.03 t/ha) (Table 3), the OF
system (USD 1,729/ha) had significantly higher
income from rice sales than the CF system (USD 1,458
/ha) due to the price of organic rice being higher than
for regular rice of about USD 160/ton. Conversely, the
CF system (USD 72/ha) had a significantly higher
production cost (principally from chemical fertilizer
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input) than the OF system (USD 20/ha), which
resulted in the net profit for the OF system (USD
1,710/ha) being significantly higher than for the CF
system (USD 1,390/ha) by about USD 320/ha.

Based on the soil C stock and biomass
production in our study (Table 3, Figure 4), we
estimated the values of carbon credits in soil and
biomass incorporation as an additional source of
income. Considering the soil C stock from both
systems (Table 4), the value of the carbon credits for
soil C sequestration in the CF and the OF systems were
USD 39/ha and USD 41/ha, respectively. The value of
the carbon credits from the combined root and stubble
in the CF system (USD 7/ha) was significantly lower
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than for the OF system (USD 10/ha). Conversely,  10.5/ha, respectively. The addition of the carbon credit
considering straw incorporation to the soil, the carbon ~ for rice husk in the CF system (USD 1.8/ha) was
credit values from the straw in the CF system and OF  slightly higher than for the OF system (USD 1.6/ha).
system were respective USD 11.4/ha and USD
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Figure 7. Estimated change in soil C (a, b) and N (c, d) stocks under both conventional (CF, n=28) and organic farming (OF, n=35)
systems induced by straw incorporation. The orange and green shaded areas indicate standard deviation of data (n=63). The C fluxes were
+0.19 mg C/ha for CF and +0.96 mg C/ha for OF, whereas the N fluxes were +42.15 kg N/ha for CF and +48.39 kg N/ha for OF.

Table 4. Range (minimum-maximum) and average (mean+SD) of production cost, income, net profit, and carbon credit from conventional
farming (CF, n=28) and organic farming (OF, n=35), where the calculation is based on one crop season per year.

Practice Production cost! Income? Net profit® Carbon credit* (USD/ha)
(USD/ha) (USD/ha) (USD/ha) Soil Root+stubble  Straw Rice husk
CF Min-Max 24-215 882-2,158 696-2,101 17-65 2-16 4.7-20.7 1-3
Mean+SD 724438 1,458+389° 1,390+392°  39+11 7+4b 11.4+2.7 1.8+0.52
OF Min-Max 3-57 1,056-2,351 1,040-2,342  19-160 4-14 6.9-18.1 1-2
MeanzSD 20140 1,729+3452 1,710£3462  41+23 10+32 10.5%£2.7 1.6+0.3°
T-test * * * ns * ns *

! Production cost calculated from inputs for growing rice, including seed, chemical fertilizer, animal manure, and green manure utilization.

2 Income is farmer income from rice sale calculated from yield and price of rice.

3 Net profit is difference between production cost and rice sale income.

4 Carbon credit estimated from tonnes of carbon dioxide equivalent (t CO,e) of soil C stock and rice biomass with an average price of USD 0.80/t CO.e.
(*) and ns in the t-test column indicate values are significantly different and not significantly different, respectively, at p<0.05. Mean values with different
lowercase superscripts are significantly different based on t-test at p<0.05.
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4. DISCUSSION
4.1 Effects of agricultural practices on carbon and
nitrogen fluxes in paddy rice system

Agricultural practices exert a strong influence
on yield as well as C and N fluxes in soil-rice systems.
Several studies on farming practice impacts on the C
and N fluxes and yield have reported there were
variable effects on the C and N mass from a net
accumulation to net depletion (Cheng et al., 2016; Cui
et al., 2020; Mortensen et al., 2021; Nguyen et al.,
2020a; Sridevi and Venkata Ramana, 2016; Witt et al.,
2000; Yang et al., 2020). Many factors affect the
influxes and effluxes of C and N, which vary among
agricultural practices and sites. Manures, organic
fertilizers, and harvested crop residues are
documented to be the primary C influxes (Mortensen
et al., 2021), but chemical and organic fertilizers and
harvested crop residues are the major N influxes for
arable soils (Cui et al., 2020). However, another study
showed that the harvested crop removal and
greenhouse gas emission could be key pools of C and
N effluxes for rice paddies (Witt et al., 2000).

Nguyen et al. (2020a) revealed net N
accumulation in a Japanese paddy rice system could
be achieved by applying chemical N fertilizer, rice
straw, and cow dung compost, with plant uptake being
the primary N efflux. Nonetheless, Sridevi and
Venkata Ramana (2016) showed that either chemical
fertilizer and straw, or manure incorporation failed to
meet the net N accumulation in Indian 25-year paddy
rice cultivation. In addition to the influxes and effluxes
of Cand N, rice production under anaerobic conditions
promoted SOM accumulation by lowering the SOM
decomposition rate (Qiu et al., 2018), thereby leading
to net C and N accumulations (Liu et al., 2018).

Our data demonstrated rainfed paddy rice
cultivation in sandy soils under tropical environments
resulted in net C depletions under both the CF and OF
systems (Table 3). The CF system had a net N
depletion, while the OF system had a net N
accumulation. The distinct differences in the C and N
fluxes were attributed to variations in the influxes and
effluxes between the sites and farming systems.
Collectively, harvested grain and straw biomass were
the primary source of both C and N effluxes under
field conditions in the current study. Conversely, the
roots and stubble left in the fields and animal manure
addition were the main C influxes to paddy soils. Such
measures as entirely harvested straw and grains
resulted in net C depletions in both farming systems.
The animal and green manures dominated the N
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influxes for the OF system, resulting in net N
accumulations. Conversely, chemical-N fertilizer and
animal manure predominated the N influxes for the CF
system and the net N depletions. The CH,4 emission
contributed to a moderate proportion of the total C
effluxes, while the N emission was paltry. The
estimated CH,4 (0.80-1.02 Mg C/ha) and N2O (1.27-
1.80 kg N/ha) emission data, based on the IPCC
Guideline (IPCC, 2006), were higher than the direct
measurement values of CH,; and N2O emissions from
coarse-textured paddy soils in a province nearby to the
studied sites and ranged from 0.019 to 0.029 mg
C/ha/season and from 0.075 to 0.088 kg N/ha/season
(Malumpong et al., 2021). These variations could be
attributed to the different types of soil and crop
management at each location and inherent deviation
reported by the IPCC Guideline (IPCC, 2006).

Paddy rice production under the OF system had
significantly higher root and straw biomass than in
the CF system (Figure 4) probably because the OF
system supplied abundant organic materials compared
to the CF system, contributing to a higher SOM
concentration (Table 2). Organic materials, such as
animal manure, have a circumneutral condition, which
could elevate the soil pH value (Table 2). The organic
amendments added to soils could compete with the
reactive sites of clay minerals and Fe/Al
oxyhydroxides in soils, thereby mitigating Al toxicity
and promoting soil P availability (Haynes and
Mokolobate, 2001). P is an essential plant nutrient that
supports the increased density and length of small and
lateral roots (VVejchasarn et al., 2016), resulting in
more roots and stubble being left in the fields and
building up soil C stocks. However, additions of
organic matter to soils could promote CH,4 emission
from paddy soils as observed in the current and other
studies (Nguyen et al., 2020b; Zhang et al., 2018).
Therefore, effective water management, such as an
alternate wetting and drying cycle, should be
implemented together with organic matter addition to
concurrently promote C sequestration and demote CH,4
emission.

Based on the mass C flux calculation, straw
recycling to soils could have the greatest potential to
turn the net C depletion into net C accumulation under
both farming systems. This procedure could enhance
N accumulation in the soils and result in net N
accumulation for the CF system. However, the critical
challenge is that most rice farmers must adopt
practical measures to incorporate such a large straw
volume into their paddy fields. The high C-to-N ratio
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of the straw material (~70 in the current study), with a
slow decomposition rate could induce N
immobilization and hinder rice growth and yield.
Rapid N immobilization occurred after straw addition
to soils under both flooded and non-flooded conditions
within 1-10 days. The fine soil particles served as the
primary sink of the immobilized N, most of which (71-
91% of the immobilized N) could be mineralized after
160 days (Said-Pullicino et al., 2014). Although it is
only temporal immobilization, rice plants could
experience an N deficit during the early rice-growing
period. To resolve this concern, straw incorporation
into the paddy rice system should be processed
chemically (for example, using urea and molasses) and
biologically (for example, using cellulolytic bacteria)
and subsequently used as livestock fodder (Aquino et
al., 2020), with any cow dung manure being returned
to support paddy rice production. The combined
incorporation of green manure and rice straw to soils
could enhance both the soil chemical and
microbiological properties and could be a promising
measure for rice production, consistent with recent
observations in Chinese paddy soils (Zhou et al., 2020)

Though the mass C flux calculation revealed
that straw incorporation to sandy soils in the current
study could cause net C accumulation and be expected
to enhance the soil C concentration in the next 10
years, the estimated values in both farming systems
would remain at a very low C level (5.08-7.98 g C/kg),
likely due to the rapid decomposition rate of organic
matter in sandy soils under tropical climates that could
accelerate C loss from the soils (Puttaso et al., 2011).
Recycling the straw and husk in the form of biochar
with high stability (Manya, 2012) could be another
promising approach to gradually build up soil C
sequestration for long-term rice production in addition
to the above measure of fresh straw incorporation.
Biochar addition could also decrease the leaching of
several nutrients such as N, P, Ca, Mg, and Si from
highly weathered soils (Aldana et al., 2021; Laird et
al., 2010). Furthermore, the regular application of co-
composting of animal manure with biochar and the use
of biochar-based slow-release fertilizer (Hagemann et
al., 2017) could be an effective strategy to resolve
plant nutrient deficiency, C sequestration, and
greenhouse gas emission in paddy rice production in
sandy soils under tropical environments with a high
organic matter decomposition rate and poor soil
nutrient fertility.
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4.2 Effects of rice residues on silicon addition into
paddy system

Since rice is an Si-hyperaccumulator plant, its
residues are Si-laden materials (Ma et al., 2006).
Recycling of the Si-rich rice residues would also
enhance the Si phytolith with a high available Si form
compared to silicate minerals (Seyfferth and Fendorf,
2012). Si-rich agricultural residues have proved to be
an effective material for mitigating As accumulation
in rice grain (Leksungnoen et al., 2019; Limmer et al.,
2018), which is a critical human health concern (Zhu
et al., 2008). This measure is necessarily required for
paddy soils to produce rice containing an As-safe level
(Carey et al., 2020). Rice residues typically contain
about 10% Si by weight. The incorporation of roots
and stubble, straw, and husk could potentially supply
Si equivalent to 0.05-0.54 (x=0.29 ton Si/ha), 0.16-
0.71 (x=0.37 ton Si/ha), and 0.03-0.11 ton Si/ha
(x=0.06 ton Si/ha), respectively. Therefore, recycling
all Si-rich residues (roots, stubble, straw, and husk)
could enhance the Si contents by about 0.24-1.35 ton
Si/ha (x=0.72 ton Si/ha) for each crop cycle. The
calculated Si contents from rice residues in the current
study were lower than the values reported by Penido
et al. (2016) for straw (0.5-1.5 ton Si/ha) and husk
(0.07-0.20 ton Si/ha) from Bangladesh, Cambodia,
China, and the USA. The lower calculated Si content
in the straw and husk biomass in the current study may
have been due to the nature of the rice cultivar growing
in the study area with low yield and low biomass. The
proposed measure of whole straw recycling for about
10 years with the potential to change the C and N
accumulation levels could elevate the bioavailable Si
level by 1.6-7.1 ton Si/ha (3.7 ton Si/ha).

4.3 Approach to sustainable rice farming practices

To make development more sustainable in the
agricultural sector, the Thai government launched the
first 20 year national strategy to lead the country
toward security, prosperity, and sustainability.
According to the current scientific findings, the OF
system produced higher belowground rice residues
(root and stubble) than the CF system, which enhanced
soil organic carbon and increased soil health. Most
importantly, increasing soil C sequestration is one of
the emerging Sustainable Development Goals that
have been proposed to provide urgent action to address
climate change. Although the grain yield of the OF
system was lower than for the CF system, the net profit
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of the OF system was greater than for CF system by
approximately USD 320/ha. The carbon credits from
the soil C stock and root and stubble incorporation for
the OF system were also higher than for the CF system
by about USD 5.5/ha. Clearly, organic rice farming
was the more profitable and environmental friendly
farming system. To build a better future, it should be
highlighted as a lesson-learned and be advocated as
good practice for rice farmers globally. All
governments, not only in Thailand, should adopt this
scientifically based, firm evidence to drive policy
making, formulation, and implementation. Strategic
plans, roadmaps, input subsidies, and an organic rice
price guarantee that could motivate farmers to convert
to or establish organic rice farms should be undertaken
to put these activities into practical actions.

5. CONCLUSION

The investigation of C and N cycling in rainfed
rice production under conventional and organic rice
farming revealed that organic rice farming improved
many soil properties, including pH, OM, total N, total
C and available P compared to conventional rice
farming. However, the conventional paddy rice farming
provided higher rice yield than from organic rice
farming by about 0.5 ton/ha. Organic farming enhanced
root and stubble biomass, which promote soil carbon
input. The most important C and N effluxes occurred
through straw and grain harvesting. Therefore, the C
mass fluxes revealed net C depletion for both the rice
farming systems, whereas the N mass fluxes had a net
N depletion for conventional farming and a net N
accumulation for organic farming. The variation in the
C and N influxes, including for the combined roots and
stubble incorporation and chemical-N fertilizer and
animal manure, caused differences in the net C and N
fluxes for both systems. Straw incorporation to soils
could potentially resolve the net C depletion and greatly
elevate the net N accumulation in paddy sandy soils
under a tropical environment. Recycling Si-rich
residues could gradually build up plant-available Si that
could benefit long-term paddy rice production with
safe-As levels. Organic rice farming had higher net
returns than the conventional rice farming by USD
320/ha. Overall, the scientific findings from the current
study revealed that improving soil quality and
achieving a higher net profit from rice production can
encourage extrinsic motivated action to turn the interest
into action to combat climate change and to develop
sustainable soil quality.
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Monitoring of tritium concentration in tap water is an essential tool to determine
the effective dose received from tap water. Liquid scintillation counting (LSC) is
a widely used technique for determining tritium in water. Due to the very low
activity of tritium in tap water, its detection requires a high-efficiency LSC with
the lowest minimum detectable activity (MDA). Low-level tritium analysis in tap
water were performed in two LSC models using conventional distillation
techniques. The optimal conditions with the lowest MDAs were applied to
determine the tritium concentration in the tap water distributed from two main
sources located in the Bangkok metropolitan region: Bang Khen and Maha Sawat
water treatment plants (WTPs). Twenty-six tap water samples were collected
from petrol stations located around both water treatment plants. The results
revealed that the amount of tritium in the tap water around the Bangkhen WTP
was between 1.88-2.63 Bg/L with an average of 2.28+0.28 Bg/L, whereas those
from the Maha Sawat WTP were between 2.01-2.69 Bg/L with an average of
2.44+0.26 Bq/L, which are far below the World Health Organization’s (WHO)
guideline limit (10,000 Bg/L) for drinking water. The annual effective dose
(AED) for infants, children and adults obtained from tap water samples around
the Bangkhen WTP were 0.010, 0.014, and 0.030 uSv/year, respectively, and
those from the Maha Sawat WTP were 0.011, 0.015, and 0.032 uSv/year,
respectively, which are far below the WHO’s guideline limit (100 puSv/year).

1. INTRODUCTION

Tritium is a radioactive isotope of hydrogen that
emits low-energy beta rays and has a half-life of 12.3
years (Nayak et al., 2019). Tritium can be formed
naturally from the interaction of atmospheric nitrogen
and oxygen atoms with high-energy cosmic rays
(Popoacaetal., 2014), artificially via nuclear reactions
(Duliu et al., 2018), and as a by-product of the
operation of nuclear reactors (IAEA, 2010). From the
mid-1950s to the early 1960s, artificially made tritium
was widely dispersed during above-ground testing of
nuclear weapons and has been decreasing ever since
(USEPA, 2021). Today, tritium emission from nuclear
power plants is a major occupational exposure
pathway that impacts workers’ health. A recent study
reported high concentrations of tritium in the urine of

nuclear reactor workers in China, resulting in higher
internal radiation exposure caused by tritium
compared to the general population (Chen et al.,
2021). Tritium, both naturally occurring and
artificially made, is usually in gaseous form for under
controlled conditions, but when combined with
oxygen is either in a liquid state, known as tritiated
water (T20), or partially formed tritiated water (HTO)
with high mobility in the environment (UNSCEAR,
2016; CNSC, 2010). Tritium may pose a health risk if
ingested through drinking water, food, inhalation, or
absorbed through the skin in large quantities
(Matsumoto et al., 2021). The World Health
Organization (WHO) has established guidelines for
tritium in drinking water at 10,000 Bg/L. This
represents the concentration of tritium that, if present
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in consumed drinking water, would result in an
individual dose of 0.1 mSv (WHO, 2017). Therefore,
measuring the amount of tritium in drinking water
relative to established criteria is an important factor in
determining the quality of water used for
consumption.

Liquid scintillation counting is a conventional
method for the measurement of low-level tritium in
environmental samples (L’Annunziata et al., 2020;
Theodorsson, 1999). The liquid scintillation counter
(LSC) was first introduced in the 1950s and has
continued to evolve for over 60 years. Hou (2018)
recently reviewed the major developments of LSC’s
measurement techniques regarding instrumentation,
methodology, and its applications in past decades. One
major improvement regarding LSC instrumentation
and methodology is the commercialization of triple-to-
double coincidence ratio (TDCR) in liquid
scintillation counting (Cassette and Bouchard, 2003),
which has become a routine method for the
measurement of beta-emitting nuclides in samples
with varying quench levels. The first commercial
TDCR-based LSC was introduced in 2008 by Hidex
Oy, followed by two more types: the Hidex 300SL
Super Low level and Hidex 600SL (Hou, 2018). For
analyzing tritium in water samples, the detection limit
can be improved by several technigues, such as
reducing the quenching effect by wusing a
commercially available tritium column filled with
cation and anion exchange resins to purify water
samples prior to tritium analysis. Another method with
the lowest detection limit is the use of electrolysis to
enrich tritium in water samples; however, the main
disadvantage is the long analysis time (Hou, 2018).
Other possible methods include using a new type of
ultra-low background LSC system (e.g., AccuFLEX
LSC-LB7, HITACHI ALOKA, Japan) with a 145 mL
vial (Feng et al., 2020), or an ultra-low LSC (e.g.,
Quantulus 1220, PerkinElmer, USA) with commonly
used 20 mL counting vials (Varlam et al., 2009).

Since the amount of tritium-in T.O or HTO
form-is present in the tap water samples at very low
levels, it is, therefore, necessary to use a highly
sensitive LSC with the lowest minimum detectable
activity (MDA, Bg/L) for measuring tritium.
Numerous recent studies have been especially focused
on optimizing the counting performance for tritium
analysis (Feng et al., 2020; Arun et al., 2019;
Erchingeretal., 2017; Grahek et al., 2016). The results
revealed that the main parameters affecting MDA
were the volume ratios between the water samples and
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the scintillation cocktails, types of cocktails, types of
LSC vials, and counting time. The optimal
measurement conditions vary across laboratories,
depending on available equipment and tools. A recent
study determined tritium activity concentrations in
tap, well, and spring water samples from Mersin
province in Turkey using a Packard TriCarb 2900TR
LSC system (Karatagli et al., 2017). The activity
concentration of the tritium measured in water
samples varied from <1.9 to 14.1+1.0 Bg/L with an
average of 6.2+0.6 Bg/L. From literature review, there
was only one study on the measurement of tritium
activity concentration in tap water collected from
different regions in Thailand using electrolytic
enrichment and low background LSC (AccuFLEX
LSC-LB7) with a sensitivity of less than 1 Bg/L
(Rittirong et al., 2019). The tritium concentrations in
tap water were in the range of 0.41-0.75 Bg/L. There
are no research data on the concentration of tritium
activity in tap water collected in the Bangkok
metropolitan area. This research aimed to determine
the concentration of tritium in tap water distributed
from two main suppliers located in the Bangkok
metropolitan region, namely, Bang Khen and Maha
Sawat WTPs, to assess the radiological hazards arising
from the consumption of tritium in tap water. Both
WTPs receive raw water from different sources, the
Chao Phraya River and the Mae Klong River, through
the eastern and western water-supply canals,
respectively. They supply tap water throughout
Bangkok and surrounding areas. Therefore, the tap
water produced by both WTPs represents the water
supply that many people living in Bangkok and nearby
areas use for their consumption. If tap water contains
high concentrations of tritium, it will affect a large
population. The important factors for low-level tritium
analysis by two LSC instruments, Hidex 600SL and
Quantulus 1220, were optimized using a conventional
distillation technique and the optimal conditions were
applied for measuring tritium in tap water samples.
Determining the tritium levels in tap water is not only
important for consumer safety but can also be used as
an indicator for tritium leakage into the environment
from nuclear activities.

2. METHODOLOGY
2.1 Sampling location

The Bang Khen (13.88165° 100.55285°) and
Maha Sawat (13.80973°, 100.41017°) WTPs are
located 14.87 km north-east and 11.37 km north-west
of Bangkok City, respectively. The sampling sites
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were 26 petrol stations located around the WTPs,  Table 1. Geographic coordinates of each sampling site
which supplied water to those petrol stations. The

. Sample cod Latitude (d Longitude (d
water supply samples were collected in February ampre code atitude (degree) ongitude (degree)
2020. Th hi di q £ th BK1 13.85829 100.56803
. The geographic coor inates and map o the BK2 13.89087 100.56803
sampling locations are illustrated in Table 1 and BK3 13.93459 100.60911
Figure 1, respectively. BK4 13.93285 100.56958
BK5 13.86676 100.59108
2.2 Collection of water samples BK6 13.85504 100.63265
Before sample collection, the tap was cleaned BK7 13.84508 100.56572
by washing the outside and inside of the faucet end Eig g'ggigi 188'22228
w!th detergent and water and running it fo_r at Ieas_t 1 BK10 13.82551 100.53104
min. A1L Nalgene_bottle_ and cap were rinsed twice BK11 13.91842 100.51613
by thoroughly shaking with tap water to flush and BK12 13.89707 100.51545
drain any contaminants that may have remained in the BK13 13.84234 100.51856
bottle. The tap water samples were then collected in MW1 13.81403 100.41250
the bottle to approximately 80% of the bottle volume. MW2 13.82222 100.43685
MW3 13.80233 100.44860
2.3 Sample preparation MW4 13.83318 100.41459
- MW5 13.87567 100.41240
One hundred milliliters of the water sample MW6 13.86511 100.41029
were mixed with 0.5 g s_odlum hydroxide (Merck, MW7 13.78333 10041557
Germany) and 0.1 g potassium permanganate (Merck, MW8 13.78472 100.46134
Germany) in a 500 mL round flask to oxidize the MW9 13.76198 100.44424
organic matter (ISO, 2019) and then distilled at 80- MW10 13.78893 100.34289
100°C. The first 20 mL of the distilled water was MWI11 13.77138 100.48790
discarded, and the next 30 mL was collected (USEPA, MW12 13.78341 100.49165
2019) MW13 13.79425 100.50666
' BK: Bang Khen; MW: Maha Sawat
@ SARABURI
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e
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I
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Figure 1. Maps of (a) sampling location in Bangkok metropolitan area and (b) 26 sampling sites generated using Google Maps; yellow
pins represent 13 sites around Bang Khen WTP, and red pins represent 13 sites around Maha Sawat WTP.
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(b)

Maha Sawat WTP

¢

11

12
2

Bang Khen WTP 9

Figure 1. Maps of (a) sampling location in Bangkok metropolitan area and (b) 26 sampling sites generated using Google Maps; yellow
pins represent 13 sites around Bang Khen WTP, and red pins represent 13 sites around Maha Sawat WTP (cont.).

2.4 Optimization of the counting performance

2.4.1 Quench curve generation

Two LSCs, the Hidex 600SL automatic
(LabLogic Systems, UK) and Quantulus 1220
(PerkinElmer, USA) were used in this study. The
efficiency of each tritium measurement was
determined by generating a quench correction curve,
which is the relationship between the counting
efficiency and quench index parameters (QIPs) i.e.,
TDCR for Hidex and sample channel ratio (SCR) for
Quantulus. The quenched tritium standard set (Eckert
and Ziegler Analytics, USA) was measured by both
LSCs for 60 min, with three measurements per vial.
The results were used to generate quench curves,
which were subsequently used for the counting
efficiency and absolute activity or disintegrations per
minute (DPM) calculations (Hou, 2018).

2.4.2 Sample-to-cocktail ratio

The effects of the sample-to-cocktail ratios on
the MDA values were determined. The distilled water
samples were mixed with the Ultima Gold LLT
scintillation cocktail (Perkin Elmer, USA) in 20 mL
LSC antistatic high-density polyethylene (HDPE)
vials by varying the sample-to-cocktail volume ratio
as follows:
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Hidex: 1:14, 2:13, 3:12, 4:11, 5:10, 6:9, and
7:8 mL
Quantulus: 8:12, 9:11, and 11:9 mL

The vials were shaken well for 2 min and kept
in the dark for 24 hours to reduce chemical quenching
prior to LSC analysis. Tritium activity was counted for
180 min for Hidex and 480 min for Quantulus.

2.4.3 Vial type and counting time

The effects of vial type and counting time on
MDA values were determined by using the optimal
sample-to-cocktail ratio 6:9 for Hidex and 11:9 for
Quantulus and comparing polyethylene vials and low
potassium glass vials with the following counting
times:

o Hidex: 60, 120, 180, 360, 540, 720, and
1,440 min
o Quantulus: 60, 120, 240, and 480 min
2.5 Tritium measurements

Measuring tritium in the tap water samples was
performed using the optimum conditions obtained
from the above experiments. The distilled tap water,
tritium-free water and standard tritiated water were
added to three LSC vials, followed by the scintillation
cocktail. The vials were inverted several times to
achieve adequate mixing. The samples were counted
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using the Hidex 600SL and Quantulus 1220 LSCs
after allowing 24 h of adaptation in the dark. The
TDCR outputs obtained from the Hidex were
automatically calculated as the absolute sample
activity (DPM), whereas the SCR outputs obtained
from the Quantulus were manually converted to the
counting efficiency. The tritium activity concen-
tration, the annual effective dose and MDA values
were then calculated using Equations (1), (2), and (3),
respectively.

2.6 Calculations

Using the SCR values, the counting efficiency
was determined from the quench curves. The tritium
activity concentration, A (Bg/L), was then calculated
using Equation (1) (Karatasli et al., 2017):

A(%)

Where; Rs and Ry, are the count rate of the sample
and the background (cpm), respectively, E is the
counting efficiency, and V is the sample volume (L).

The annual effective dose, AED (uSv/year) due
to the ingestion of tritium in the drinking water

Rs—Rp
T ExVx60

1)

samples was calculated wusing Equation (2)
(Pintilie-Nicolov et al., 2021):
AED = A x CF x CR x 10° 2

Where; A is the tritium activity concentration
(Bg/L), CF is the dose coefficient (1.8x10! Sv/Bq for
tritium), and CR is the consumption rate of drinking
water (250, 350, and 730 L/year for infants, children,
and adults, respectively) (WHO, 2017).

The MDA (Bg/L) was calculated based on the
Currie equation (Currie, 1968) using Equation (3):

271 Rp  Rby1/2
Gy ) H3.29G 7))

B
MDA (Tq) - EXVx60 (3)

Where; Ry, is the count rate of the background
(cpm), Ts is the counting time of the sample (min), Ty
is the counting time of the background (min), E is the
counting efficiency derived from the quench curve,

and V is the sample volume (L).

3. RESULTS AND DISCUSSION
3.1 Quench curve generation

Since the counting efficiency is affected by the
level of quenching in the sample, in order to determine
the absolute sample activity, it is necessary to establish
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a quench correction curve to measure the quenching
level in the samples. Theoretically, quench correction
can be performed by one of the following methods: (1)
internal standard method, (2) sample spectrum
method, (3) external standard method, and (4) direct
DPM method (L’Annunziata et al., 2020). These
techniques allow for determining the detection
efficiency of a particular sample and for converting the
count rate (CPM) to the disintegration rate (DPM). In
our study, the quench curves were obtained from a set
of 10 quenched tritium standards containing constant
tritium activity (222,540 Bq) with varying levels of
guenching using the TDCR method for Hidex 600SL
(Gudelis et al., 2017) and the SCR method
(L’Annunziata et al., 2020) in the selected counting
windows of 1-175 and 176-350 channels for
Quantulus 1220. Figure 2(a) shows the quench curve
for tritium, which shows a correlation between the
TDCR value and the counting efficiency, which is a
second-order polynomial curve given by the equation
y=-0.5856x2+1.5468x-0.098 (R?=0.9993), where X is
the TDCR value and y is the counting efficiency.
Thereafter, the counting efficiency of an unknown
sample can be determined from the measured TDCR
value of the sample (Hou, 2018). The DPM value is
then automatically calculated after the quench curve is
generated and stored on a computer. Likewise, Figure
2(b) shows the quench curve obtained from Quantulus,
showing a correlation between the SCR value and the
counting efficiency, which is a logarithmic curve
given by the equation y=-0.114In(x)+0.4427
(R?=0.9816), where X is the SCR value and y is the
counting efficiency. The tritium activity concentration
is calculated from Equation (1) using the counting
efficiency derived from the above equation.

3.2 Sample-to-cocktail ratio

The water sample to scintillation cocktail ratio
is particularly important for measuring tritium using
LSC (Linetal., 2020). Therefore, the optimal sample-
to-cocktail ratio needs to be determined. From the
measurement results, it was found that the ratio
between the volume of water and the Ultima gold LLT
liquid scintillation cocktail influenced the MDA value,
in which it was found that the MDA decreased when
the sample-to-cocktail ratio increased (Figure 3). For
Hidex, the lowest MDA was found at 6.9 Bg/L with a
7:8 sample-to-cocktail ratio, when samples were
counted for 180 min (Figure 3(a)). However, the
counting efficiency was found to be the highest at a
6:9 ratio. Therefore, a 6:9 sample-to-cocktail ratio was
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determined as the optimal ratio and was used for
further experiments. For Quantulus, the lowest MDA
was found at 1.02 Bg/L with an 11:9 sample-to-

cocktail ratio when samples were counted for 480
minutes (Figure 3(b)).
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Figure 2. Quench curves for tritium counting using (a) TDCR and (b) SCR values as the quench index parameter
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Figure 3. Change in MDA values in each sample-to-cocktail ratio: (a) Hidex and (b) Quantulus

3.3 Vial type and counting time

The effects of LSC vial type and counting time
on MDA values were investigated. The results showed
that the type of LSC vial and counting time influenced
the MDA values, as shown in Figure 4. Plastic vials
were found to have lower MDA values than glass vials
for both LSCs. These results are consistent with a recent
study (Arun et al., 2019) since plastic vials have lower
background wvalues than glass vials. The higher
background value in the glass vial could be from K-40.
Although LSC vials are often made of borosilicate
glass, they are lower in potassium; however, their
performance in the *H energy region was significantly
affected by radioactive residues in the glass (Perkin
Elmer, 2021). Therefore, plastic vials are appropriately
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used for measuring low-level tritium activity in
environmental samples.

The counting time had an inverse relationship
with the MDA value. The lowest MDA was found at
the maximum counting time used in this study, i.e.,
1,440 min for Hidex and 480 min for Quantulus.
Therefore, counting times of 1,440 and 480 min were
used for low-level tritium measurements in tap water
samples using Hidex and Quantulus LSCs,
respectively.

3.4 Optimum conditions

The optimum conditions for measuring tritium
in tap water samples are summarized in Table 2. The
lowest MDA of tritium measurements in tap water
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samples was found to be 2.7 and 1.0 Bg/L using Hidex
and Quantulus LSCs, respectively. This result is
consistent with previous studies by Hanslik et al.
(2005), Palomo et al. (2007), Varlam et al. (2009), and
Jakonic¢ et al. (2014). The detection limits of standard
or ultra-low background LSCs are around 1-3 Bg/L for
non-enriched water samples. The Hidex 600SL LSC
achieved a higher MDA of 2.7 Bg/L with the
following optimum conditions: a sample-to-cocktail
ratio of 6:9 counted for 1,440 min in a plastic vial.

Although Hidex cannot determine the tritium content
in tap water because it is below the MDA value, more
importantly, the new MDA value, obtained by our
laboratory, is significantly lower than the original 9.6
Bg/L using a 5:10 sample-to-cocktail ratio in a plastic
vial. As tritium is a radioactive substance with limited
health effects, due to its low energy emissions,
measuring low levels of tritium in the environment is
more useful for monitoring the impact of nuclear
activities than public health concerns.

Table 2. The lowest MDA values obtained from the optimal conditions of the two LSCs

LSC Sample-to-cocktail ratio

Vial Type

Counting time (min) MDA (Ba/L)

Hidex 600SL
Quanlutus 1220

6:9
11:9

Plastic
Plastic

2.7
1.0

1,440
480

(@) 20
18 1 © 60,17.9

16 1

14 160,128
© 120,13

[y
N
L

© 180,10.5

MDA (Bg/L)
5

g {12093 360,75

540,6.1

(@)
180,7.5

360,5.5
540,4.5

O Glass vial

720,5.2
©

720,3.8

Plastic vial

1440,3.7
(@}

1440,2.7

0 200 400 600

800 1,000 1,200 1,400 1,600

Counting time (min)

® 10

60,7.8

O 120,5.0

MDA (Bg/L)
[62]

120, 4.0

240, 2.0

O 60,94 ©

240,2.3

Glass vial Plastic vial

~ 480,1.2

480, 1.0

0 100 200

300 400 500 600

Counting time (min)

Figure 4. MDA values with different vial types and counting times: (a) Hidex and (b) Quantulus
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3.5 Tritium concentration in tap water

Measuring  tritium using the optimum
parameters of both LSCs showed that Hidex was
unable to detect tritium due to the tritium content being
lower than its MDA value of 2.7 Bg/L, while the
Quantulus, with a lower MDA of 1.0 Bg/L, was able
to measure tritium. The results of the tritium
concentrations with their respective MDAs from each
sampling location are shown in Figure 5. The tritium
concentration in tap water around the Bang Khen WTP
location was between 1.88-2.63 Bg/L with an average
of 2.28+0.28 Bqg/L, whereas those from the Maha
Sawat WTP were between 2.01-2.69 Bg/L with an
average of 2.44+0.26 Bg/L. The average amount of
tritium in tap water around the two WTPs was less
than 10,000 Bg/L, which is a WHO guideline for
drinking water quality (WHO, 2017). Our results are
comparable with a recent study by Pédehontaa-Hiaa et
al. (2020), which reported that the average tritium
concentration in tap water in Lund, Sweden, measured
in 2018-2019, was 1.5+0.6 Bg/L (MDA=1.2 Bg/L). It
is noteworthy that the average tritium content in tap
water supplied from the Bang Khen WTP was not

= Average tritium concentration

significantly different from that supplied from the
Maha Sawat WTP. Although the raw water source
used in the production of the water supply of the two
plants differs, the amount of tritium was not impacted
in any way. The Bang Khen WTP uses raw water from
the Chao Phraya River through the eastern water
supply canal to the WTP, which is a total distance of
about 18 km to produce tap water. The Maha Sawat
WTP uses raw water from the Mae Klong River above
the Mae Klong dam through the western water supply
canal to the WTP, which is a total distance of 107 km
(Metropolitan Waterworks Authority, 2020).

Based on our preliminary data, if tritium
concentrations were assessed in water samples across
the country, they could then be used as a basis for
comparing tritium concentrations and assessing the
future impact on nuclear power plants. However, if the
tritium content is below 1.0 Bg/L, the electrolytic
enrichment method is required since it provides an
extremely low MDA value (Wallova et al., 2020; Lin
et al.,, 2020), but is more laborious than the
conventional distillation method (Hou, 2018).
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Figure 5. Average tritium concentrations in tap water collected from 26 stations around Bang Khen (BK) and Maha Sawat (MW) water

treatment plants compared to their MDA values

3.6 The assessment of the annual effective dose

To assess the effective dose resulting from the
ingestion of tritium in tap water, the AED per capita
were calculated in infants, children and adults. The
average AEDs from each sampling site are shown in
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Figure 6. The AED for infants, children and adults
obtained from tap water samples around the Bangkhen
WTP were 0.010, 0.014, and 0.030 pSv/year,
respectively, and those from the Maha Sawat WTP
were 0.011, 0.015, and 0.032 uSv/year, respectively,
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which are far below the WHO’s guideline limit (100
uSv/year). Our results are comparable to a previous
study by Karatasli et al. (2017), which reported that
the AED values due to the intake of the tritium in

m Infant
0.040

m Children

natural water samples for infants, children, and adults
in Turkey were averaged 0.024, 0.034, and 0.070
uSv/year, respectively.

Adult

0.035 A

0.030
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Figure 6. Annual effective dose in infants, children and adults derived from the average tritium concentration in tap water collected from
26 stations around Bang Khen (BK) and Maha Sawat (MW) water treatment plants

4. CONCLUSION

Due to the low level of tritium in tap water
samples, the optimum conditions for Quantulus 1220
were successfully applied for directly measuring
tritium without pre-enrichment which are simple and
economical. The concentration of tritium in tap water
around the Bangkhen WTP was between 1.88-2.63
Bg/L with an average of 2.28+0.28 Bg/L, whereas
those from the Maha Sawat WTP were between 2.01-
2.69 Bg/L with an average of 2.44+0.26 Bg/L, which
is far below the WHO’s guideline limit (10,000 Bq/L)
in drinking water. The annual effective dose resulting
from the ingestion of tritium in tap water from both
WTPs are far below the WHO’s guideline limit (100
uSv/year). As tritium is a radioactive substance with
limited health effects due to its low energy emissions,
measuring low levels of tritium in the environment is
more useful in monitoring the impact of nuclear
activities than public health concerns. This
improvement could support environmental monitoring
programs throughout the country.
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Low density polyethylene (LDPE) is the most abundant non-degradable plastic
waste. Widely used in packaging material, it represents a serious threat to all
ecosystems. In the present study, a Rhizopus sp. fungal strain was isolated from
soil of a landfill located in north-east Algeria and cultured on potato dextrose
agar. The in vitro biodegradability of pieces of the same plastic bag (0.2, 0.4, and
0.6 g) was estimated in minimal liquid medium and on minimal solid medium.
Furthermore, biodegradation of plastic bag pieces was examined in seawater, tap
water and soil. The isolated Rhizopus sp. strain could degrade the plastic bag
waste. The highest in vitro rate occurred in the minimal liquid medium for both
the 0.4-g and 0.6-g pieces (a 20% decrease in weight). In natural media, the
highest weight decrease was different depending on the substrate: 5% in seawater
for the 0.2-g piece, 10% in tap water for the 0.4-g piece and 8% in soil for the
0.4-g piece. This strain could also form a biofilm in Malt Extract Broth (MEB).
These results revealed that the isolated Rhizopus sp. strain has considerable

biodegradative ability based on different measures.

1. INTRODUCTION

Owing to their chemical stability, good
mechanical properties, low production costs and
simple processability, plastic materials are the main
components in many manufacturing sectors such as
packaging, clothing, construction, and automotive
(Akhbarizadeh et al., 2020; Thiounn and Smith, 2020).
Every year, over 320 million tons of plastic are
produced, and this amount is predicted to double in 12
years (Ritchie and Roser, 2018).

Plastic is a polymer of long hydrocarbon chains
with a high molecular weight, derived mainly from
petrochemicals that are then synthetically arranged by
certain chemical processes to produce the long
polymer chains (Shimao, 2001). Polyethylene is a
thermoplastic polymer produced by monomers of
ethylene. There are numerous categories such as high-
density polyethylene (HDPE), linear low-density
polyethylene (LLDPE) and low-density polyethylene
(LDPE), which is a thermoplastic made from

petroleum. LDPE materials are generally used for
manufacturing various containers, dispensing bottles,
plastic bags, and various melded laboratory wares
because of their light weight, strength, and durability
(Pramila and Ramesh, 2011).

Plastics generate huge problems related to the
environment, health, and the management of residual
materials. In addition, some materials have generated
considerable controversy regarding their toxicological
risks due to the presence of additives such as
phthalates or bisphenol A (Lewis, 2012). In fact, many
countries have restricted the use of certain plastic
products. Disposable plastic bags as well as
polyethylene containers have been subjected to such
measures (Lewis, 2012). Several processes are used to
deal with this situation, namely landfills, incineration,
and storage, without thinking about the consequences
and possible negative effects of these techniques on
the environment in the short or long term. On the other
hand, recent studies have shown that the degradation
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of plastic bags by microorganisms, particularly fungi,
is the main process of decontamination in sediments
and deep soils (Bonanni et al., 2012). For example,
Sowmya et al. (2014) affirmed the ability of
Penicillium simplicissimum to use polyethylene as a
carbon source and its ability to degrade it, while EI
Sayed et al. (2021) isolated and identified six fungal
strains: Aspergillus carbonarius, Aspergillus sp.,
Aspergillus flavus, Aspergillus ochraceus, Penicillium
sp., Fusarium sp. and proved their ability to use LDPE
as a unique source of carbon and energy.

The aim of this work was to isolate and identify
a fungal strain involved in plastic biodegradation from
a landfill located in north-east Algeria and to evaluate
its capacity to degrade plastic bag pieces and to form
biofilm. The obtained fungal strain could be used as a
tool to depollute contaminated soil.

2. METHODOLOGY
2.1 Study area and sample collection

A quantity of soil was collected from a public
landfill area in north-east Algeria after elimination of
the first 5 cm of the soil surface. The sample was
transported in a sterile black plastic bag to the
laboratory and kept at 4°C and used within 24 h
(according to Boughachiche et al. (2005), with
modification).

2.2. Isolation of fungal strains

Ten grams of soil was added to 90 mL of sterile
physiological water. Then, 102, 10 and 10* serial
dilutions were prepared, and 0.1 mL of each dilution
was inoculated on the surface of a Petri dish containing
solid potato dextrose agar (PDA) supplemented with
gentamicin. The plates were incubated at 27°C for one
week (Davet and Rouxel, 1997). The isolated strains
were further purified on solid PDA.

2.3. Identification and storage of fungi

Fungal strains were identified based on
macroscopic and microscopic characteristics (Pardo-
Rodriguez and Zorro-Mateus, 2021). Isolated strains
were stored in slant PDA agar tubes (Botton et al.,
1990).

2.4. Preparation of LDPE pieces

The LDPE films used in this study were plastic
white bags of 50 pm thickness, flexible and solid. For
the biodegradation studies, LDPE films were cut into
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small pieces (0.2, 0.4, and 0.6g) and were disinfected
with 70% ethanol.

2.5. In vitro biodegradation test

2.5.1. Preparation of the minimal medium

Liquid minimal medium (MM) was prepared by
adding 16 g KoHPO4, 2 g KH2PO4, 1 g (NH4)2SO,
0.475 g MgSO., 0.2 g NaCl, 0.01 g CuSOs, 1 g CaCOs
and 1 g ZnSO4 in 1,000 mL of distilled water. Solid
MM was obtained by adding 20 g agar to 1 L liquid
MM (according to Nakajima-Kambe et al. (1999),
with modifications). The initial pH of the medium was
adjusted to 7.0.

2.5.2. Culture in liquid MM

The tested fungal strain was screened for its
ability to degrade LDPE films. The biodegradation test
was performed in liquid MM containing LDPE film as
the sole carbon source. A piece of the same plastic bag
(0.2, 0.4, and 0.6 g) was added to 250 mL Erlenmeyer
flasks containing 150 mL of liquid MM. An agar disc
of the fungal strain that had been cultured for seven
days was inoculated in each Erlenmeyer flask
(Bourzama et al., 2021). The Erlenmeyer flasks were
incubated in a shaker incubator for one month at
27+2°C with rotation at 150 rpm. Every 10 days, the
pieces were aseptically collected and weighed. The
fungus Aspergillus niger was used as the control to
confirm the degradation of LDPE films.

2.5.3. Culture on solid MM

A piece of plastic bag (0.2, 0.4, and 0.6 g) was
added to Petri dishes containing solid MM. The fungal
strain was added by touch. The plates were then
incubated for 30 days at 27+2°C (Bourzama et al.,
2021). A Petri dish containing solid MM without the
piece of plastic bag served as the control.

2.6. Ex situ biodegradation test

The fungal strain was tested for its ability to
degrade LDPE films in the presence of other carbon
sources than LDPE. A piece of plastic bag piece was
added to a flask containing 150 mL of sterile seawater,
150 mL of sterile tap water and 200 g of sterile soil.
The fungal strain was added by the disc method. The
weight of each piece was checked every 10 days
during 1-month incubation. Flasks containing a plastic
piece with 150 mL of sterile water, 150 mL of sterile
tap water and 200 g of sterile soil, without addition of
the fungal strain, served as the controls. All tests were
carried out in triplicate.
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2.7. Formation of biofilm by the fungal strain
Malt extract broth (MEB) was used to test the
ability of the isolated fungal strain to form biofilm.
MEB was prepared as follows: 5 g peptone, 10 g malt
extract and 1,000 mL of distilled water. After
autoclaving, MEB was poured into three Petri dishes.
The tested fungal strain was inoculated by the touch
technique and incubated for 3 days. Each day, one
plate was examined using a binocular microscope
(Siqueira and Lima (2013), with modifications).

2.8. Estimation of the biodegradation rate

The percentage weight loss of each plastic bag
piece was calculated by the following equation
(DSouza et al., 2021):

Initial Weight — Final Weight

X 100

% weight loss =

Initial Weight

(b)

The values obtained were then compared with
the controls.

2.9. Carbon dioxide production

To estimate carbon dioxide (CO.) production by
the tested fungal strain during biodegradation, the
cultures were observed by naked eye (according to
Khruengsai et al. (2021), with modifications). Positive
cultures were recognised by the presence of gas
bubbles.

3. RESULTS
3.1 Screening and identification of LDPE-
degrading fungal isolates

Growing the landfill soil samples on solid PDA
for seven days yielded a single fungal strain. Based on
its macroscopic and microscopic characteristics, the
fungal isolate was identified as Rhizopus sp. (Figure 1).

Figure 1. Morphology of the isolated Rhizopus sp. strain after 7 days of incubation: (a) macroscopic appearance, (b) microscopic
appearance (40X magnification), and (c) spores of Rhizopus sp. under optical microscopy

3.2. In vitro biodegradation test

3.2.1. In liquid MM

The isolated Rhizopus sp. strain was tested for its
ability to degrade plastic bag pieces in liquid MM. The
cultures were incubated with continuous shaking (100
rpm) at 27+2°C at neutral initial pH, the weight change
in plastic bag pieces was examined after 10, 20, and 30
days. Compared to the control Aspergillus niger,
Rhizopus sp. showed better results.

The weight change of the 0.2-g plastic bag piece
is presented in Figure 2(a). After the first 20 days, there
had been no change in weight. After 30 days, the weight

Table 1. Appearance of plates after incubation

had decreased by 5%. Figure 2(b) shows the variation
in the weight of the 0.4-g plastic piece. After 10 days,
there had been a 16% decrease in weight. The weight
continued to decrease, and at 30 days it had decreased
by 20%. The 0.6-g plastic piece showed a weight loss
similar to the 0.4-g plastic piece (Figure 2(c)).

3.2.2. On solid MM

On the plates with solid MM containing the
plastic bag pieces, Rhizopus sp. appeared like a tangle
of white filaments and small black and white dots. No
growth was observed in the control plate (Table 1).

Plate Macroscopic observation

Plate with the 0.2-g piece
Plate with the 0.4-g piece
Plate with the 0.6-g piece
Control plate

Growth of the tested fungal strain above the plastic bag piece
Growth of the tested fungal strain above the plastic bag piece
Growth of the tested fungal strain above the plastic bag piece
Death of the tested fungal strain seeded on the plate




Harrat R et al. / Environment and Natural Resources Journal 2022; 20(5): 465-474

@ 100

===

80

60 = Aspergillus niger

= Rhizopus sp.
40 pus 5P

Percent weight change

20

Period (days)

() 100

80

60 = Aspergillus niger

= Rhizopus sp.
40

Percent weight change

20

20 days
Period (days)

(© 100

80 1

60 - = Aspergillus niger

= Rhizopus sp.
40 A

Percent weight change

0 4 == == = =
10 days 20 days 30 days
Period (days)

Figure 2. Percent weight change of (a) 0.2-g, (b) 0.4-g, and (c) 0.6-g plastic bag pieces incubated with the isolated Rhizopus sp. strain at
27+2°C for 30 days in liquid minimal medium compared with Aspergillus niger

3.3. Ex situ biodegradation test 3(b)). There was a slight variation in weight for the
3.3.1. In seawater 0.6-g plastic bag piece (Figure 3(c)). After the first 10
There was a slow weight loss of the 0.2-g and  days, there had been no change in weight. After 20 and

0.4-g plastic bag pieces during the entire 30-days test 30 days, there had been a stable decrease in weight

period, 5% and 2.5%, respectively (Figure 3(a) and  (1.5%).
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Figure 3. Percent weight change of (a) 0.2-g, (b) 0.4-g, and (c) 0.6-g plastic bag pieces incubated with the isolated Rhizopus sp. strain at

27+2°C for 30 days in seawater compared with the control

3.3.2. In tap water

The weight of the 0.2-g plastic bag piece had
decreased by 5% after 30 days (Figure 4 (a)). The
weight of the 0.4-g plastic bag piece also changed
(Figure 4(b)). After 10 days, there had been no change.
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After 20 days, there had been a slight weight loss and
it continued until day 30, when it had decreased by
10%. There had been no change in weight for the 0.6-
g plastic bag piece after 20 days, but after 30 days the
weight had decreased by 1.5% (Figure 4(c)).
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Figure 4. Percent weight change of (a) 0.2-g, (b) 0.4-g, and (c) 0.6-g plastic bag pieces incubated with the isolated Rhizopus sp. strain at
27+2°C for 30 days in tap water compared with the control

3.3.3. In sail there had been no change in weight. After 20 days,

The weight of the 0.2-g plastic bag piece had not  there had been a slight weight loss that continued until
changed after 20 days of incubation. After 30 days, 30 days, when it had reached 8%. Moreover, the 0.6-g
however, the weight had decreased by 5% (Figure  plastic bag piece exhibited weight loss throughout the
5(a)). The weight of the 0.4-g plastic bag piece varied  entire test period, reaching its maximum (6.5%) after
during the experiment (Figure 5(b)). After 10 days, 30 days (Figure 5(c)).
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Figure 5. Percent weight change of (a) 0.2-g, (b) 0.4-g, and (c) 0.6-g plastic bag pieces incubated with the isolated Rhizopus sp. strain at
27+2°C for 30 days in soil compared with the control

3.4. COz production bubbles in all cultures except for the controls (Table 2).
In vitro and ex situ biodegradation of poly- _ o
ethylene by the isolated fungal strain resulted in CO,  3.5. Formation of biofilm

production that was observed by naked eye as gas Rhizopus sp. was able to quickly form biofilm
in MEB (Table 3).

471



Harrat R et al. / Environment and Natural Resources Journal 2022; 20(5): 465-474

Table 2. Production of carbon dioxide (CO2) gas bubbles after 1
month of incubation of Rhizopus sp. in vitro and ex situ cultures

Test Culture Production of gas
bubbles
Invitro  On liquid minimal medium +
On solid minimal medium +
Ex situ In seawater ++
In tap water +++

Note: +: low production of CO,; ++: average production of CO,; +++: good
production of CO,

Table 3. Microscopic observation of biofilm formation

Time Biofilm formation
After 1 day
After 2 days

After 3 days

+

+

++

Note: +: beginning of biofilm formation; ++: actual formation of biofilm

4. DISCUSSION

There have been numerous studies evaluating
the biodegradation of polyethylene by micro-
organisms. Although many studies have used bacterial
cultures in natural environments, only few studies
have used fungal species in controlled environments
(DSouza et al., 2021). The aim of this study was to
isolate and identify a fungal strain from a landfill in
north-east Algeria capable of degrading plastic bag
pieces in vitro and ex situ. The isolated strain was
identified as Rhizopus sp.

In liquid MM, the weight loss of LDPE pieces
during the incubation with the tested fungus Rhizopus
sp. resulted from the utilization of the polyethylene as
the sole carbon source. The results indicated that this
fungal strain was capable of degrading LDPE pieces
compared to A. niger, which has been reported to have
good degradation ability (Khruengsai et al., 2021). In
fact, the degradation potential of the tested Rhizopus
sp. strain is explained by the good adaptation of the
fungus in liquid MM and its ability to produce the
necessary biodegradation enzymes. In addition, the
growth of the tested fungal strain on solid MM
containing plastic bag pieces and the release of CO;
gas bubbles affirms its capacity to degrade this
polymer and to use it as a carbon source.

In in vitro and ex situ tests, the weight of the
plastic bag pieces decreased. However, the
degradation rate was higher in tests using MM
compared with tests using natural media because the
latter contain carbon sources other than polyethylene.
Indeed, the greatest weight loss occurred in liquid MM
(20%), while in natural media, the greatest weight loss
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occurred in tap water (10%). Moreover, environmental
factors and the presence of another carbon sources
have an important influence on the degradation of
carbonyl polymers which leads to a good production
of CO; in natural media compared to MM, in
particular on the biological activity of fungal species
(Lefaux, 2005).

The obtained results showed that the tested
strain has a good biodegradation activity because
different measures confirmed its potential to degrade
plastic bag pieces. In fact, DSouza et al. (2021)
obtained similar results with a maximum weight loss
of LDPE estimated at 26.15% when using a
consortium of Aspergillus species under controlled
conditions.

Shah (2007) buried pieces of LDPE in soil
mixed with wastewater sludge for a period of 10
months. Microscopic examination showed the
presence of a fungal layer on the surface of the plastic
material, indicating its use by microorganisms as a
carbon source. On the other hand, DSouza et al. (2021)
used a fungal consortium consisting of Aspergillus
niger, Aspergillus flavus and Aspergillus oryzae for
the biodegradation of LDPE in laboratory conditions.
The weight loss of the samples was attributed to the
degradation of the carbon polymers by fungal
enzymes. The resulting monomers and oligomers were
used directly by the fungal species as a unique carbon
source. Furthermore, Torres et al. (1996) showed that
some fungal strains can also use lactic acid and
oligomers released from the abiotic degradation of
polylactic acid polymer.

Polyethylene macromolecules are large and
cannot be digested by intracellular enzymes because
they cannot penetrate the microbial cell barrier
(Ammala et al., 2011). Fungi produce extracellular
enzymes such as laccases, peroxidases and esterases,
which are directly involved in fixation on a
polyethylene surface and subsequent biodegradation
(Wei and Zimmermann, 2017). So, biodegradation
occurs via secreted enzymes that digest polyethylene
macromolecules until they are small enough for
bioassimilation: the microbial cells metabolise it,
assimilate it into their structure and then mineralise it
(Wyart, 2007).

Enzyme-mediated degradation of poly-L-lactic
acid was first reported by Williams (1981) using
proteinase K from Tritirachium album. Oxidative
degradation is an appropriate pathway for polymers
lacking easily hydrolysable groups, such as
polyethylene (Yuan et al., 2020). Indeed, microbial
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enzymes create functional groups that enhance the
hydrophilicity of the polymer and improve its
biodegradation (Shah et al., 2008). Moreover, in
presence of Aspergillus nomius (Abraham et al., 2017)
and Rhizopus oryzae (Awasthi et al., 2017), there was
an increase in the amount of carbonyl groups in LDPE,
a sign that was directly associated with peroxidase
attack (Sudhakar et al., 2008).

Our results are comparable with the general
model that describes the beginning of polymer
biodegradation as a surface erosion process
(Gajendiran et al., 2016). Microorganisms adhere to
and colonise the plastic surface, a phenomenon
involving the production and secretion of extracellular
enzymes and other molecules that mediate biofilm
formation (Koutny et al., 2006; Sen and Raut, 2015;
Sheik et al., 2015), a fundamental step to initiate
microbial biodegradation (Mathur et al., 2011). In fact,
the large size of the enzymes can present an obstacle
to penetrate deep into the material (Gajendiran et al.,
2016). Besides, the undegraded macromolecules are
too large to pass through the cell membranes (Koutny
et al., 2006; Sen and Raut, 2015). Finally, biofilm
formation can prevent the hydrophobicity of
polyethylene and help microorganisms to survive in a
nutrient-poor environment by using the solid substrate
(Shah et al., 2008; Sen and Raut, 2015; Ojha et al.,
2017; Yuan et al., 2020).

5. CONCLUSION

Compared to Aspergillus niger, the tested
Rhizopus sp. strain has a good potential for plastic
biodegradation as confirmed by several in vitro and ex
situ tests: reducing the weight of plastic bag pieces,
formation of visible biofilm on plastic bag pieces and
CO;, production. Based on the obtained results, it is
evident that nature offers an alternative pathway to
solve some environmental issues like plastic pollution.
Rhizopus sp. could be used for the bioremediation of
polluted environments to eliminate plastic waste that
is harmful to the environment (flora and fauna) and to
human health.
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Tributyltin (TBT) is known as an endocrine-disrupting chemical abundant in the
aquatic environment. In the present study, zebrafish fish embryos were used to
observe the chronic toxicity of TBT. Fish embryo toxicity analysis was carried
out for different TBT concentrations (100, 50, 25, 12.5, 6.2, and 3.1 ng/L) and
fertilized eggs were used to test each concentration effect. Fertilized eggs in 24-
well plates (20 eggs in each well) were incubated at 26°C for four days and
embryo coagulation, heartbeat of the embryo and mortality lethal endpoints (LCso
values) were recorded after 8, 24, 48, and 96 h. The results revealed that 100%
coagulations of the embryos occurred at TBT doses of 50 and 100 ng/L. The
coagulation significantly increased in a dose-dependent manner and TBT might
induce coagulation of zebrafish embryos. Heartbeat changes were significantly
decreased (p<0.05) in a dose-dependent manner at different TBT doses. LCso
values of TBT for zebrafish embryos were 19.9, 11.7, 7.3, and 5.2 ng/L at 8, 24,
48, and 96 h, respectively. The percentage of mortality was higher in embryos
for the trace level of TBT, indicating that embryos are more sensitive to TBT
toxicity. Hence, TBT is highly toxic and leads to a lethal effect on the zebrafish
embryo, resulting in species extinction and declining biodiversity in the aquatic

environment.

1. INTRODUCTION

Organotin compounds (OTSs) are organometallic
compounds that have been classified as Persistent
Organic Pollutants (POPs) in the environment (Guruge
et al., 2008; Ohura et al., 2015). Most OTs come from
anthropogenic activities, with industrial production
beginning in the 1960s (Sousa et al., 2014). Organotin
chemicals are used as effective biocides, polyvinyl
chloride stabilizers and industrial catalysts to
manufacture silicone and polyurethane foams (Ain et
al.,, 2021; Sousa et al., 2014). Organotins do not
decompose thermally and have a low water solubility,
allowing them to stay in the aquatic environment for a
long time (Cui et al., 2011). Trisubstituted forms of
organotin have the highest toxicological activity, and
the triorganotins are the most toxic OTSs; tributyltin
(TBT) is the most toxic form and, considering
their reproductive toxicity, OTs are also known as
environmental hormones (Guruge et al., 2008;
Sekizawa et al., 2003), which disrupt invertebrate and
vertebrate reproductive cycles (Langston, 2020). A

global ban on a number of OT substances and
compounds was imposed in 2008 due to the harmful
effects of OTs on living beings and aquatic habitats
(IMO, 2001). Tributyltin is still utilized in agriculture
and other industrial activities in developing countries
with poor environmental monitoring due to its high
effectiveness and low cost as antifouling biocides. With
the busy maritime and heavy boating and shipping
activities in coastal areas all around Sri Lanka and other
industrial activities, high TBT usage and contamination
in Sri Lanka have been recorded (Bandara et al., 2021).
However, there are no records of the effect of TBT
contamination to date.

Tributyltin has a high affinity for organic matter
(Xiao et al., 2020) and has a half-life of 10-40 years in
water and sediments (Guruge et al., 2008; Ohura et al.,
2015). This could lead to an increase in their persistence
in the environment, which is dependent on a large
number of complex chemical structures and
physicochemical characteristics (Corsi et al., 2020). As
a result, TBT has hydrophobic, lipophilic, and ionic
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properties, which contribute to their toxicity to living
organisms. These chemicals rapidly traverse cell
membranes and accumulate in the adipose tissues of
organisms due to their lipophilicity (Griffin et al.,
2020). Their ionic characteristics improve their binding
capacity to proteins like a-keratins and glutathione (Lv
et al., 2021). Thus, TBT accumulates in living
organisms following biomagnification along food
chains (Bandara et al., 2021; Fent, 2004; Strand et al.,
2003). Many harmful organic compounds accumulate
in biota at different concentrations of magnitude and
higher than in the ambient environment. These
toxicants adversely affect the embryonic and larval
stages of biota. This could result in the extinction and
decline of affected species in the environment, reducing
the diversity of the marine aquatic environment (He et
al., 2020; Kimet al., 2018).

Recently, many toxicological studies have used
fish and their different life stages as toxicological
models due to many endocrine-disrupting chemicals
(EDCs) being abundant in the aquatic environment. The
results with early life stages of fish predict that about
70% of the long-term toxicity cases are from toxicants
such as OTs (Lu et al., 2021). Therefore, the Fish
Embryo Toxicity (FET) test would be an auspicious and
less time-consuming tool for chemical testing (Santos
et al., 2018). Since 2005, the fish embryo toxicity test
has been required as part of routine whole effluent
testing in Germany, and it has already been
standardized at the international level (Lammer et al.,
2009). With the majority of research relating to FET
results focusing on Lethal Concentration (LC) values,
coagulation and lack of heartbeat are the more
commonly mentioned endpoints.

Most embryo toxicity tests have been conducted
with zebrafish in the laboratories. There are numerous
advantages of zebrafish embryo tests such as (1) a
mature female zebrafish lays a large number of eggs
(50-500) per time (Braunbeck et al., 2005). In the
laboratory conditions, different life stages of embryos
can easily be produced daily and parallel experimental
treatments could be obtained (Scholz et al., 2008).
Therefore, large numbers of analysis could be tested at
the same time. (2) Due to the small size of embryos,
the tests are conducted in 24-well plates. Hence, the
tests require a small amount of substances which is
particularly important when only limited test solutions
are available. (3) The results of the embryo tests can
be obtained rapidly (within two or three days) and less
time-consuming (4) Sub-lethal endpoints are easy to
identify. (5) Fish embryo toxicity tests are more
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sensitive than the fish cytotoxicity tests and the
correlation between the acute fish embryo test and the
fish test is perfect (Lungu-Mitea et al., 2020). In this
study, zebrafish fish embryos were used to observe
the chronic toxicity of TBT by covering the
environmentally relevant concentrations of TBT (1,
10, and 100 ng/L) because no previous research in this
area had been performed in Sri Lanka.

2. METHODOLOGY
2.1 Fish and rearing conditions

Wild-type zebrafish; Danio rerio were
purchased from Angel aquarium, Sri Lanka. Fish were
acclimatized for 14 days in glass tanks and the fish
tanks were maintained in the laboratory at the
Department of Zoology, University of Sri
Jayewardenepura. A fourth-generation fish strain was
derived from its own stock facilities and used to obtain
the embryos.

2.2 Egg production of Zebrafish

The day before a test, male and female fish were
placed in breeding chambers in 1:1 ratio immediately
before the onset of darkness. Artificial plants were
used as breeding stimulants and substrates. Mating,
spawning and fertilization were observed after 30 min
of the onset light in the morning. About 30-60 min
after spawning, the spawning dishes were removed.
Fertilized and non-fertilized eggs were separated and
only fertilized eggs were transferred to a new tank with
water. After determining of the overall egg number,
viable (fertilized) eggs were kept for hatching.
Fertilized eggs were distinguished by their
transparency from non-fertilized eggs.

2.3 Fish embryo toxicity test (FET) with TBT

Standard TBT chloride and other chemicals
(HPLC grade) were purchased from Sigma-Aldrich in
Germany.

Fish embryo toxicity analysis was carried out for
six different TBT concentrations (half diluted
concentrations) of 100, 50, 25, 12.5, 6.2, and 3.1 ng/L
(Log concentration 2, 1.7, 1.4, 1.1, 0.8, and 0.5
respectively). According to the method described by
Lammer et al. (2009) fish embryo toxicity test was
carried out with some modifications in the present
study. In brief, embryo tests were initiated after 3 h.
Twenty (20 eggs) fertilized eggs were selected for each
test concentration and transferred to 24-well plates
filled with 2 mL freshly prepared TBT concentrations
(test solutions) and negative control (water). Fertilized



Bandara RVK and Manage MP / Environment and Natural Resources Journal 2022; 20(5): 475-481

eggs were placed in the 24-well-plates by using a
sterilized pipette under the dissecting microscope. The
24-well plates were then covered with self-adhesive foil
and incubated at 26x1°C for three days. Coagulation,
the heartbeat of the embryo and mortality lethal
endpoints were recorded using a dissecting microscope
after 8, 24, 48, and 96 h. LCso values were determined
by graphing mortality percentage versus Log TBT
concentrations. Triplicate experiments were performed
for the FET test.

2.4 Statistical analysis

All assays were carried out in triplicates in three
different experiments. All data are represented as the
meanzxstandard deviation. Statistical comparison of
the data was carried out using Pearson correlation and
regression correlation of Minitab 17 for windows. The
correlation value of p less than 0.05 was considered to
be a statistically significant linear relationship.

The LCso values were calculated using probit
analysis. Statistical analyses were performed using
SAS software and linear regression, version 2.17. A
significant difference was considered as p<0.001 -
highly significant.

3. RESULTS AND DISCUSSION

In the south Asian region, the lack of advanced
detection methods for xenobiotics and their adverse
effects are the major challenges for minimizing the
trace level of pollutants and their massive impacts on
the environment of Sri Lanka (Bandara et al., 2021).
Therefore, in the present study, the embryonic effect
of TBT was assessed for the first time in Sri Lanka.

3.1 Coagulation effect of zebrafish embryo

TBT exposure might cause the coagulation of the
embryos. After 48 h, most of the embryos were
coagulated and the embryos that did not coagulate
showed normal development. A statistically significant
increase in embryonic coagulation was observed at
different TBT doses of 3.1, 6.2, 12.5, 25, 50, and 100
ng/L compared with the control group (p<0.05). The
results revealed 100% coagulations of the embryos at
TBT doses of 50 and 100 ng/L. Therefore, the
coagulation is significantly increasing in a dose-
dependent manner (Figure 1) and TBT might induce
coagulation and infertility of the zebrafish embryos.

100

90 1

80 1

70 A

60 -

50 1

40 -

30 1

Egg coagulation percentage (%)

20 A

10 1

Control 0.5 0.8

1.1 1.4 1.7

Log concentration (ng/L)

Figure 1. Effect of TBT exposure to the embryo coagulation of zebrafish; bpm; beats per minute

Mendis et al. (2018) revealed that coagulation of
embryos is a common lethal effect with malathion
compounds and it is consistent with the results of ~ the
present study. In the current test, the individual eggs
were obtained from the same broodstocks and
replicated to increase the reliability of the results. Low
mortality rates observed in control indicate the
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experiment’s reliability and it was essential to assume
there was no inert material effect in the 24 well plates.

3.2 Heart toxicity of zebrafish embryo

As shown in Figure 2, heartbeat changes were
found in a dose-dependent manner with, according
to the results, a statistically significant decrease
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occurring at different TBT doses of 3.1, 6.2, 12.5, 25,
50, and 100 ng/L compared with the control group
(p<0.05). This study demonstrated that TBT exposure

140

caused a significant decrease in heart rate in a dose-
dependent manner (Figure 2), and TBT might induce
heart toxicity in the zebrafish embryos.

120 +

100 +

80 1
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60 1

40 A

20 A

Control 0.5 0.8

1.1 1.4 1.7

Log concentration (ng/L)

Figure 2. Effect of TBT exposure to the embryo heartbeat of Zebrafish; (n=20) bpm; beats per minute

The results revealed that tributyltin is highly
toxic and lethal for the zebrafish embryo. After 48 h,
most of the embryos were coagulated, and the
heartbeat was drastically decreased. Both of these
effects were statistically significant and in a dose-
dependent manner. Treated embryos exposed to 100
ng/L and 50 ng/L showed total lethality while the
control group had no effect. Similarly, Thiti-
narongwate et al. (2021) documented that the toxic
effect of Zingiber essential oil appeared to occur in a
concentration-dependent manner. The lowest dose of
oil and control showed no mortality in the zebrafish
embryos and a significantly increased mortality rate
was in zebrafish embryos exposed to a high dose of
oil. There was no viable zebrafish embryos in the
groups treated with higher concentrations. The
present study was aimed to observe the heart toxicity
of zebrafish embryos against different TBT
concentrations. The regular heartbeat rate of zebrafish
embryos ranges from 120 to 180 per minute
(Thitinarongwate et al., 2021). Heartbeat rate was not
detected in the embryos at high TBT concentrations
due to their early mortality.

3.3 Mortality rate and LCso determination

The cumulative mortality of the embryos after
TBT exposure is shown in Figure 3. Mortality was
recorded at 8, 24, 48, and 96 h in order of increasing
concentrations (Log concentration 0.5, 0.8, 1.1, 1.4,
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1.7, and 2.0 ng/L). The median lethal concentration
(LCso) of TBT was calculated by sigmoidal regression
using SAS software based on the zebrafish lethality
curves (Figure 3). There was a significant (p<0.0001)
increase in mortality of embryos in response to
increasing TBT concentrations (Table 1).

Table 1. LCso values of TBT at different time intervals

Exposure time LCso r? value p value
(h) (ng/L)

8 19.9 0.9777 <0.0001
24 11.7 0.9343 <0.0001
48 7.3 0.9731 <0.0001
96 5.2 0.9816 <0.0001

The median lethal concentration (LCso) values
of TBT for zebrafish embryos were 19.9, 11.7, 7.3, and
5.2 ng/L at 8, 24, 48, and 96 h, respectively. The linear
transformation of percentage mortality of embryo
and TBT concentration are shown in Figures 3(a),
3(b), 3(c), and 3(d) for different exposure time.
Remarkably, the percentage of mortality was higher in
embryos for the trace level of TBT, indicating that
embryos are more sensitive to TBT toxicity. Exposure
to TBT for 8 h or more always caused mortality,
increasing with longer exposure times. A continuous
exposure until 96 h showed the highest toxicity
(LCs0=5.2 ng/L). During the first 8 h of exposure, the
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compound showed less toxicity (LCs0=19.9 ng/L)
compared to those exposed for 96 h post-fertilization
(p<0.0001) when the embryos were already hatched.
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This result suggests that the continuous exposure of
TBT causes the most toxicity with the lethal endpoint.
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Figure 3. The linear transformation and relationship of probit at different concentrations of TBT were used to determine LCso values for
zebrafish embryo after (a) 8 h, (b) 24 h, (c) 48 h, and (d) 96 h of exposure to TBT.

The 50% lethal concentrations for each TBT
concentration were calculated based on the egg
embryos’ mortality rate (0-100%). The concentrations
were obtained in a geometric series in which each was
50% greater than the next lowest value as
recommended by De Oliveira (2018). LCso value was
obtained based on cumulative mortality according to
the three independent experiments using Regression
Probit analysis. The results showed the most of the
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mortality in 100 and 50 ng/L after 8 h. LCso values
were high during the short exposure period and
regularly reduced with increased exposure time. The
LCso values at 8, 24, 48, and 96 h were obtained as
19.9, 11.7, 7.3, and 5.2 ng/L, respectively. This
significant reduction indicates the adverse chronic
toxicity of TBT. These results are comparable to the
findings of Dimitriou et al. (2003), which revealed that
fish (Seabream fish) fertilized eggs were quite
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sensitive to both TBT and triphenyltin while LCs, for
TBTCI and triphenyltin were 28.3 and 34.2 ng/L,
respectively at 24 h. Moreover, much lower LCso
values at 96 h (<5 ng/L) have been reported for the
embryo of two freshwater fish species, Brevoortia
tyrannus and Menidia beryllina (Bushong et al.,
1988). Therefore, TBT is responsible for the time-
related toxicity of the embryos (Dimitriou et al.,
2003). The concentrations of TBT compounds in
studied water and sediments often exceed these tested
levels. Consequently, fish embryos at the
contaminated water bodies are at high risk since they
float on the water surface or adhere to the benthic
sediments. Even at low TBT concentrations,
extremely low LCso values could be estimated in these
extreme cases of TBT pollution. It may cause direct
mortality in aquatic animals during their early
developmental stages. Bushong et al. (1988) observed
that survival of euryhaline sheepshead minnow
(Cyprinodon variegatus) was reduced to 59%
compared to control when exposed to TBT from
hatching to maturation and reproduction at 0.66 mg/L
by day 145 and 100% at 5.4 mg/L by day 7, while
survival and growth of the following generation were
only unaffected at concentrations lower or equal to 1.3
mg/L. Furthermore, Pinkney et al. (1990) found
significantly reduced larval survival in the first
generation of euryhaline striped bass (Morone
saxatilis) at TBT concentrations above 0.77 mg/L.

The present study identified that TBT might be
a reason for reproductive impairments in zebrafish
embryo. The findings may reveal that TBT pollution
in water bodies in Sri Lanka might be an additional
factor responsible for reducing natural populations in
the environment by affecting the embryos and the
larvae of animals. Human health implications from
contaminated fish consumption should also be
considered. Based on all this evidence, there is a need
to develop safety and precautions regarding TBT
usage. There is a necessity to be concerned that TBT
might be entering into the human food chain through
marine aquaculture of mollusks and fish despite the
controls implemented in 1992. This study suggests
that an extended monitoring program is required to
check whether the 1992 legislation controlling the use
of TBT is being enforced and whether it will be
effective in the long term.

4. CONCLUSION
In this study, the chronic toxicity of TBT was
assessed by using zebrafish embryos as a promising
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model to investigate the toxicity of hazardous
chemicals. Coagulation, the heartbeat of the embryo
and mortality lethal endpoints were recorded as the
primary toxicological assays in the world. The results
show that the coagulation and lack of heartbeat
significantly increased with increasing TBT
concentrations and the exposure time in a dose-
dependent manner. LCso values of TBT for zebrafish
embryos were drastically decreased with increasing
exposure time. The lethality was higher in embryos for
the trace level of TBT, indicating the adverse chronic
toxicity of TBT for the fish embryos. These adverse
effects on fish embryos could easily threaten the
ecosystem and biodiversity in Sri Lanka if tributyltin
use is not strictly regulated.
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The study assessed the vulnerability of habitats and species to climate change in Lung
Ngoc Hoang Nature Reserve (NR), Vietnam. The vulnerability assessment tools for
habitat and species were developed by the International Union for Conservation of
Nature (IUCN). Community members, NR managers and experts in the fields of
environment, economic and rural development were involved in this study. The
results showed that saltwater intrusion and inundation could cause serious threats to
habitats (i.e., open water, Lung, agricultural and Melaleuca habitats) and freshwater
species. The combined impacts of drought and high temperature potentially increase
forest fires for the Melaleuca habitat and decrease the quantity and quality of open
water habitats. The Melaleuca and Lung habitats have a high baseline conservation
status, in which Melaleuca habitats are more vulnerable than Lung habitats.
Conversely, open water and agricultural habitats are at low baseline conservation
status, but open water habitats are more vulnerable. In addition, the proliferation of
invasive alien species, encroachment on agricultural cultivation, and the degradation
of water quality are also great threats to the NR. Key species, including Melaleuca
cajuputi, Elaeocarpus hygrophilus, Chitala ornate, Channa micropeltes, were at low
threat of climate change. However, C. ornate and C. micropeltes are seriously
endangered by seawater intrusion, drought and poor water quality. The findings of
this study can provide essential information for NR managers to formulate water
management plans for the protection and management of the habitats and species in
Lung Ngoc Hoang NR.
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1. INTRODUCTION topography of the southern Hau River, Vietnam. Lung

The frequency of impacts caused by climate
change has continuously increased from the late 19"
century onwards (Khalid et al., 2021). It is even more
serious since the distribution of these risks is uneven
around the world, which depends on the characteristics
of each region. For example, these can be geographic
features, warming rates, development levels,
vulnerability, adaptation, and mitigation strategies
(Lee and Choi, 2018). Wetlands are internationally
recognized for providing different services to humans
and other living organisms (Tiner, 2014; Ricaurte et
al., 2017). However, it is also deemed to be very
vulnerable to climate change (Kelleway et al., 2017,
Duncan et al., 2021). Lung Ngoc Hoang Nature
Reserve (NR), also referred to as Lung Ngoc Hoang
wetland, is located on low-lying land, with typical

Ngoc Hoang NR, one of the green lungs in the Mekong
Delta, has an important role in biodiversity
conservation (Duong and Frederick, 2017). This
wetland is well known for its untouched melaleuca
forest ecosystem, which provides a favorable habitat
for a wide range of indigenous fauna and flora.
Consequently, this biodiversity also kindly supports
local livelihoods.

However, the usage of canals to serve the fire
prevention policy has directly affected the natural
water circulation in the NR. Once the NR opens the
sluice, the water level is low. At the end of the rainy
season, the sluice will be closed to store water. This
action has facilitated leaf decomposition in anaerobic
conditions, which has caused black and polluted water
canals. As a result, the deterioration of water quality
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will influence aquatic biodiversity. In addition, the NR
is situated in the center of the Mekong Delta and the
transition zone between the tidal currents of the East
Sea and West Sea. Due to this special location and the
effects of the Mekong River, the NR accumulates
many pollutants and is also very sensitive to climate
change (Hau Giang Department of Natural Resources
and Environment) (Hau Giang DoNRE, 2021).
Therefore, any development and plans of the province
and neighboring provinces/cities (especially, Can Tho,
Kien Giang and Soc Trang Provinces) can cause an
array of consequences on the biodiversity and
ecosystem of Lung Ngoc Hoang NR, which in turn
affects local livelihoods. The sensitivity of the NR was
even more enhanced by the establishment of large
sluice gates on Cai Lon and Cai Be Rivers. The sluices
were installed in 2017 to prevent increased salinity
from the West Sea, which has changed the dynamic
hydrological regime of Lung Ngoc Hoang NR to a
static one. This change has caused water pollution due
to an increase in agricultural and aquacultural runoff,
industrial and urban waste, and an intensive invasion
of alien species like water hyacinth.

Water is no longer circulated inside the NR in
the end of the rainy season to dry season, leading to
extremely low dissolved oxygen levels in the water
bodies. It is necessary to develop a comprehensive
management plan for Lung Ngoc Hoang NR that can
alleviate the impacts of climate change and dam
development on the environment and biodiversity of
the area. The main objectives of this study were to
assess the wvulnerability of ecosystems, including
major habitats and key species, to climate change in
Lung Ngoc Hoang NR.

2. METHODOLOGY
2.1 Site description

Lung Ngoc Hoang NR, located in Phung Hiep
District, Hau Giang Province, Vietnam, was
established under the Prime Minister’s Decision
No. 13/2002/QD-TTg dated 14 January 2002 (The
Prime Minister of Government, 2002). Lung Ngoc
Hoang is situated in a network of national special-use
forests. The NR’s activities comply with the
Government Decree No. 117/2010/ND-CP from 24
December 2010 on the organization and management
of a system of national special-use forests
(Vietnamese Government, 2010). The NR is located
between latitudes 09°04' to 09°45’ North and
longitudes 105°39’ to 105°43' East, with a total area of
2,799.97 ha (Forestry Research Institute, 2021), as
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presented in Figure 1. This area was formed during the
sea recession and alluvial deposition. It mainly
consists of coastal sediments and swamps, forming a
low and fairly flat terrain, with an average elevation
varying from 0.30 m to 1.50 m. The region has an open
canal system through low-lying areas, such as Lai
Hieu canal and Hau Giang 3 canal, connecting Lung
Ngoc Hoang NR with adjacent areas. The system
connects with Cai Lon and Cai Tau Rivers, which
drain to the West Sea (Gulf of Thailand); and Sang Bo
canal, Chu Ba and Xeo Xu canals emptying into Quan
Lo-Phung Hiep Canal, connecting with the East Sea
and the Ca Mau peninsula. Due to the interlaced canal
system and geographic location, the hydrological
regime is influenced by the intra-provincial rainfall
regime, the flood zone of the Hau River, and the high
tides of the East Sea and the West Sea. Sub-zones and
plots in the NR are separated by a system of canals to
facilitate commute and prevent forest fires. This area
has freshwater all year round, although it has recently
experienced slight saltwater intrusion. The average
water level is 0.40 m, which increases to 1.1 m during
the flood season and is less than 0.20 m during the dry
season. The annual rainy season in Hau Giang begins
in August and lasts for about five months, with the
peak in October and November often coinciding with
a period of locally heavy rain. Heavy rain and high tide
occur simultaneously, increasing the water level and
causing flooding in a large area over prolonged
periods in the rainy season.

The reserve is located in the low-latitude belt of
Vietnam, influenced by the tropical monsoon climate
regime. The average annual temperature is 26.6°C,
with an average relative humidity of 85%. There are
two monsoon seasons in the year, including the
northeast monsoon (from October to April) and the
southwest monsoon (from May to November). The
average rainfall in the NR is 1,700-1,800 mm/year,
with the average number of rainy days per year
varying from 120 to 135 days. These climate data were
recorded at Vi Thanh hydro-meteorological station,
Hau Giang Province, Vietnam (105°27'42"E,
9°49'04"'E).

2.2 Vulnerability assessment

The Climate Change Vulnerability Assessment
methodology employed in this study was developed
by IUCN under the Mekong WET project (IUCN,
2017). The methodology focuses on participatory
assessment and discussion with the community and
local, regional and national authorities responsible for
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site management. The vulnerability assessment was
carried out using two tools in an excel spreadsheet: a
vulnerability assessment tool for habitat and a
vulnerability assessment tool for species. To evaluate
in the most general and objective way, a research team
with
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Figure 1. Location map of Lung Ngoc Hoang Nature Reserve, Hau Giang Province, Viet Nam

After consulting with managers at the NR and a
group of experts (Table S1), the research team selected
melaleuca, open water, agricultural land habitats
(artificial habitat) and Lung habitats (natural habitats
with the domination of grasslands). Besides that, four
species were selected for climate vulnerability
assessment, including two plant species (Melaleuca
cajuputi and Elaeocarpus hygrophilus) and two fish
species (bronze featherback (Chitala ornate) and the
giant snakehead (Channa micropeltes). These are the
main habitats and species representing a majority of
the NR.

To evaluate the vulnerability of habitats and
species, the research team and site managers assessed
the baseline conservation status of the selected
habitats and species. The next step was to project
climate change impacts to 2050 based on NR
or regional documents to address climate change
threats to wetlands. These habitats and species
were then appraised for their vulnerability to
climate change (Table 1). Finally, potential threats to
each habitat and
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species were identified by determining exposure,
sensitivity, and adaptability to climate change. An
average score of the factors (exposure, sensitivity and
adaptability)  represents the climate change
vulnerability as a whole. In addition, the confidence
score of the wvulnerability assessment is also
determined based on Table S2.

Table 1. Classification of climate change vulnerability

Climate change vulnerability Category intervals

Very high 2.7-3.0
High 2.3-2.6
Moderate 19-2.2
Low 15-1.8
Very low 1.0-14

3. RESULTS AND DISCUSSION
3.1 Vulnerability of the habitats

The vulnerability assessment of each habitat is
presented in Figure 2. In general, melaleuca habitats
can be identified as the vulnerable habitats to climate
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change, followed by the open water habitats.
However, the melaleuca habitats have a higher
conservation status than the open water habitats. The
vulnerability of Lung and agricultural habitats is

observed to be lower. Lung habitats are given high
conservation status because they host a number of
important species like the giant snakehead.
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Figure 2. Current status of conservation and vulnerability to climate change in NR

3.1.1 Melaleuca forest habitat

In the NR, the melaleuca forest habitat is the
most dominant (Table 2). It is protected and re-
forested, covering more than 50% of the total wetland
area. However, due to households encroaching on
adjacent forest land for production, the forest area has
decreased over the past 50 years. This is a threat in
most protected areas in the Mekong Delta (Triet et al.,
2019a).

The Melaleuca forest habitat does not host a
diversity of plant species because of frequent flooding
and high soil acidity (pH=4.53-5.65) (Hoa, 2015).
Melaleuca trees (Melaleuca cajuputi) are the dominant
species in the upper layer and other plant species
(Phragmites vallatoria and Stenochlaena palustris with
high densities of 4.56 and 2.11 tree/m?, respectively)
(Ni, 2018). According to Odum (2005), tropical

plantations also have a low species composition. The
melaleuca forest habitat reserve has a high economic
value since locals can exploit wild forest honey. The
melaleuca forest habitat can tolerate flooding to a
moderate extent, but it is vulnerable to drought and fire.
Therefore, the management board of Lung Ngoc Hoang
NR always maintains a high water level to prevent fire.
This control approach is likely to threaten other
biodiversity and degrade water quality in the future due
to the breakdown of organic matter in flooded
environments and very little exchange of water with
external bodies of water. Consequently, the Melaleuca
forest habitat was determined to have a high
conservation value and a baseline conversation rating of
2.1 (Figure 2). Besides the results of the baseline
conservation status assessment, this was also reflected
in the habitat's fire prevention plans in the dry season.

Table 2. The features of the habitats in Lung Ngoc Hoang Nature Reserve

Habitats Avrea (ha) Dominant species

Melaleuca forest 1482.70 M. cajuputi, Phragmites vallatoria, Stenochlaena palustris

Lung habitat 310.35 Eupatorium odoratum, Cyclosorus parasiticus, Nypa fruticans, and other vines.

Agricultural land 767.16 Rice, pineapple, lotus, fruit trees, and vegetables

Open water 182.44 Eichhornia crassipes, Azolla pinnata, Pistia stratoides, Nymphaea rubra, Lotus and
several species of fish belong to families such as Channidae, Toxonidae, Loricariidae,
Cobitidae, Hemiramphidae, Aplocheilidae

Others 57.32 The dominant species belong to families such as Asteraceae, Malvaceae, Fabaceae,

Cactaceae commercially valuable species such as Artocarpus heterophyllus, Durio
zibethinus, Annona muricata, Musa paradisiaca
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Under climate change, survey results have
shown that the Melaleuca forest habitat is most affected
by drought and high temperatures (Table 3). In addition,
prolonged flooding negatively impacts the existence
and growth of species living in the habitat, which has
been affected by rising water levels and heavy rainfall.
The habitat is also vulnerable to extreme weather
events, such as storms and high winds, which can topple
and damage trees. Sea level rise and saltwater intrusion
also threaten the Melaleuca forest habitats, with
increased saltwater intrusion expected to impact the
Mekong Delta, which the IPCC report predicts is one of
the three most vulnerable coastal regions in the world
(Nicholls et al., 2007). The Melaleuca habitat is
moderately susceptible to drought, rising temperature
and sea level. However, the ability of this habitat to
adapt to new conditions in the context of climate change
is assessed at a relatively high level (Table 2). The
Melaleuca forest habitat was assessed to be highly
vulnerable to the impacts of climate change, with a
score of 2.3 (Figure 2). The results of vulnerability for
Melaleuca forest habitat were similar to the other
wetlands in the Mekong Delta area, including Phu My
conservation area (score 2.4), U Minh Thuong National
Park (score 2.0) (Trietet al., 2019a; Trietet al., 2019b).

3.1.2 Lung habitat

Lung habitat is the local term used to define
areas of lowland topography where wetland grasslands
are dominant all year round. This habitat accounted for
approximately 11.08% of the total reserve area, as
presented in (Table 2). The area has remained mostly
unchanged thus far, except for the expanding
grassland area. This expansion has led to dredging
around the border edge to create a path for boats
around the Lung habitat to support the tourism
development. The Lung habitat plays an important
role in maintaining fish stocks by providing habitat
and spawning grounds for various fish and other
species. The layers of thick vegetation make an ideal
shelter and breeding ground for many reptiles,
amphibians, and insects and provide habitats for birds.
The area has highly diverse vegetation with supporting
species (Table 2). The area is strictly managed and
protected in the core zone of the NR where the
anthropogenic impacts are limited. Nevertheless, this
cannot prevent the invasion of many exotic species
that can diminish habitat diversity and be a major
threat to fish. As a freshwater wetland, the habitat is
significantly affected by the saline intrusion. Lung
habitat recovers relatively quickly from extreme
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weather events but requires frequent flooding to
regenerate; therefore, this habitat cannot withstand
drought. Overall, the initial conservation status is just
above average (score 2.1) (Figure 2), reflecting both
positive and negative impacts on habitat features.

Under climate change, the Lung habitat is
vulnerable to drought, high temperatures, hydrological
changes, saline intrusion, and high flooding (Table 3),
which can lead to a loss of habitats for plants and
animals and breeding grounds for fish species. Lung
habitat areas are the most susceptible to drought and
hydrological changes due to changes in flood regimes
caused by anthropogenic factors combined with
climate change. In addition, because this is a wetland
area, floods or prolonged rain often lead to inundation
and mass deaths of plants and animals. Lung habitats
can adapt and recover from changes in rainfall and
flooding. However, there is not ample area for the
habitat to expand due to grey infrastructures such as
dikes, canals, and embankments. Thus, extreme
weather can cause temporary disturbances but is not
expected to cause permanent damage to the habitat.
The wvulnerability of this habitat to the impacts of
climate change (score 1.9) was lower than the
Melaleuca habitat (score 2.3) (Figure 2).

3.1.3 Open water habitat

Open water habitat covers all water bodies and
canals in Lung Ngoc Hoang NR. Its area is
approximately 182.44 ha, accounting for about 6.42%
of the total NR area. The area has recently increased
because these canals have become wider and deeper
by NR activities and natural landslides on the banks.
In the baseline vulnerability analysis, the habitat is
characterized by a high diversity of aquatic plants,
especially a high proportion of exotic species. The
habitat integrity is threatened by invasive alien plants,
although the management manually removes these
species each year. In addition, water pollution from the
melaleuca habitat and agricultural production
threatens open water habitats. The vulnerability
analysis showed a low baseline conservation status of
1.6 (Figure 2). Although this habitat has a low
conservation level and is not currently in danger, it is
considered a critically important habitat in the NR
because it is the main water source for local people in
domestic and agricultural activities and other creatures
in this study area.

An assessment of habitat exposure, sensitivity
and adaptability revealed that the open water habitat
is highly wulnerable to climate change (Table 3).
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Table 3. Summary of key climate issues in the habitats of Lung Ngoc Hoang Nature Reserve

Habitats Climate issues Exposure level Sensitivity level Adaptivity

Lung Drought, high temperature, saltwater intrusion, Average High High
hydrological change, flood

Melaleuca Drought, high temperature, sea-level rise, flood, Average Average High

forest hydrological change, storms and high wind

Open water Drought, high temperature, saltwater intrusion, High High Average
hydrological change

Agriculture Floods, droughts, other extreme weather events Low Average High

(early rain, storms), saltwater intrusion

Hydrological changes and saltwater intrusion are the
two most pressing threats. Moreover, the habitat is also
at risk from heavy rainfall and high temperatures. The
impacts of saline intrusion were visible in 2017-2018
when the salinity levels at the site reached 0.8%o,
leading to some trees shriveling and losing their leaves.
However, the system was otherwise able to withstand
this level of salinity. The site also saw changes in
hydrological conditions through extreme weather
events at the beginning of the rainy season in 2021.
Locals reported prolonged and heavy rainfall and a
complete lack of a dry period have led to waterlogged
conditions. Increased rainfall also led to impacts on
water quality through increased erosion and sediment
accumulation. Higher temperature is expected to reduce
dissolved oxygen concentration, leading to decreased
respiration capacity for freshwater species, especially
white fish (Chitala ornate, Barbonymus gonionotus,
Parachela siamensis, Corica laciniata, etc.). An
increase in water temperature will also affect the
survival of aquatic organisms if it exceeds their heat
tolerance. The open water and Lung habitats mainly
have aquatic plants and vines, which are able to
regenerate after weather events much more quickly than
Melaleuca forest habitats, dominated by thick trees that
need a recovery period. Open water habitats are
vulnerable to dry season impacts, with increased
evaporation due to higher temperatures and severe
droughts that can lower water levels and reduce habitat
for aquatic animals. These consequences can lead to
changes in the flora and fauna composition in the
habitat. Overall, open water habitats were identified as
having a high vulnerability (score of 2.1) (Figure 2) to
the combined effects of climate change, especially in
the dry season. The previous study by Scott et al.
(2018), Triet et al. (2019a) and Ly et al. (2019) also
evaluated high vulnerability for open water habitats,
ranging from 2.1-2.4.

487

3.1.4 Agricultural habitat

Agricultural habitats, including the areas for
agricultural production, such as rice, perennial crops,
and other annual crops, are significantly impacted by
human activities. These habitats are assessed as having
a low baseline conservation level (score around 1.6)
(Figure 2), which is lower than Boeung Prek Lapov
protected landscape (score 1.7) (Ly et al., 2019). This
disparity is explained by the degree of contribution to
livelihoods and the influence of objective factors such
as externalities. During the last five years, the
agricultural habitat has increased, with an area of about
767.16 ha, accounting for 27.40% of the total area.
Agricultural habitats are quite common in the Mekong
Delta, and the agricultural land area tends to increase
near protected areas (Triet et al., 2019a). This may
partly explain the baseline conservation value of the
habitat. The agricultural habitat contains the most
economic species. According to a report by Ni (2018),
there are about 156 species of higher plants in
agricultural habitats at the site. The main exploited
species are rice, pineapple, lotus, fruit trees, and
vegetables. In addition, some households take
advantage of the vacant space to raise livestock and
poultry and use canals to raise fish and grow vegetables.
This habitat is often disturbed, affecting plant species
through chemical spraying and land reclamation
activities. This can add nutrients to the soil and limit the
development of pests and diseases to save costs and
bring high efficiency in production. Agricultural
habitats are also vulnerable to prolonged rains and
floods. Alien species are also present in agricultural
habitats, though occurring in low densities, and
therefore presenting a relatively lower threat than in
Lung and open water habitats.

The survey results indicated that the
vulnerability of the agricultural habitat to the impacts
of climate change is low, with major threats including
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floods, droughts, and other extreme weather events
such as early rains and storms. Although flooding can
cause damage to the crops, people can take advantage
of the floods to diversify their livelihoods and increase
their incomes by catching fish, farming fish and
growing snails. Floods also help them improve the
land quality by washing away pests and diseases from
rice cultivation and providing nutrients to the soil.
High temperature and heavy rain affect crop
productivity and lead to economic losses in the area
(Van et al., 2021). Agricultural habitats are most
affected by climate change impacts from April to May
due to the highest temperature of the year with
saltwater intrusion (Hau Giang DoNRE, 2021).
According to Trinh et al. (2021) and Van et al. (2021),
climate change, such as the high temperature, earlier
rainfall, and sea-level rise, is forecast to significantly
impact agriculture in Vietnam (MoNRE, 2016).
Overall, agricultural habitat is adaptable to the
predicted extreme weather and climate conditions
because it is expected that farmed plant and animal
species can be adjusted to suit new climatic
conditions. Therefore, the agricultural habitat is
assessed as having a low vulnerability to climate
change (score of about 1.6) (Figure 2). It is supported
by Ly et al. (2019) that suggested that rice fields have
low climate change vulnerability (score 1.9).

Table 4. Rationale for choosing the evaluation species

The main threats to these habitats arise from
large-scale hydrological changes and pollution caused
by the accumulation, extraction, and diversion of river
flows for agriculture, industry and hydroelectricity.
Furthermore, agricultural encroachment and invasive
alien species considerably increase pressure on all four
habitats. In the future, the habitats in Lung Ngoc
Hoang NR will be susceptible to saltwater intrusion
and flooding due to sea-level rise, as predicted by
2100. Since this is a seasonal freshwater wetland,
saltwater and permanent flooding will far exceed the
capacity of the habitats.

3.2. Vulnerability of species

The reasons for choosing these species are
presented in Table 4. Lung Ngoc Hoang NR is known
as the cradle of freshwater fishes where they gather to
lay eggs during the breeding season in the west of Hau
River. This area acts as a buffer zone that connects
Long Xuyen Quadrangle with Ca Mau peninsula.
According to previous studies conducted by the
Management Board of the NR, the number of C.
ornate and C.micropeltes have recently increased. C.
ornate and C. micropeltes are also on the List of Rare
and Precious Species in Vietnam that need to be
protected and restored (MoARD, 2019).

Species

Reason for evaluation

Melaleuca (M.cajuputi)
Elaeocarpus (E. hygrophilus)

Bronze featherback (C. ornate)
Precious Species
Giant snakehead (C. micropeltes)

Typical species, abundant in the reserve
Investment in additional planting, large area, listed in the Red Book of Vietnam
Large numbers, representative of fish populations in the area, on the List of Rare and

Large numbers but rare elsewhere in the Mekong Delta, representing fish populations in

the region, on the List of Rare and Precious Species

3.2.1 Melaleuca cajuputi

M. cajuputi, the most dominant species of
Melaleuca in the world, is also a typical and dominant
forest tree species in the acid sulfate soil wetlands of
the Mekong Delta. All M. cajuputi in the NR are
planted without the existence of the natural one, which
is a unique feature of this NR from other protected
areas and national parks. The M. cajuputi in the study
area are less than 10 years old and have a trunk height
between 6.78-12.40 m and a diameter between 8.75-
10.67 cm. Those over 10 years old have a height of
11.12-14.68 m and a diameter of 11.61-16.63 cm. The
total wood reserve of Lung Ngoc Hoang NR is about
187,351.5 m®.
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M. cajuputi can reproduce quickly and have a
large dispersal range because of their small seeds and
large annual seed production. In terms of the baseline
conservation status, M. cajuputi can tolerate prolonged
waterlogging but still require drying time to ensure
optimal growth. Permanent waterlogging leads to poor
growth and inhibits natural regeneration. Although
they are freshwater species, they can tolerate low
salinity for short periods. While some trees were
planted before the establishment of the NR, such as in
1984 and 1994-2002, others were planted later in 2006
and 2015. The trees have been grown in favorable
conditions with rarely negative impacts, thus having a
high density of 4,000-5,100 trees/ha. The annual water
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storage to prevent bushfires in the dry season has
negatively affected the growth of M. cajuputi. In
addition to the threat of prolonged flooding, some
high-grade melaleuca trees in strictly protected areas

3.0

cannot be assisted by silviculture like thinning and
cleaning forest. Analysis of M. cajuputi in the NR
yielded a baseline conservation score of 1.7, with a
confidence level of 2.7 (Figure 3).
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Figure 3. Basic conservation status and vulnerability of species

In terms of the wvulnerability assessment to
climate change, the results showed that saline intrusion
would threaten the survival and development of mature
M. cajuputi. The impacts of climate change are
expected to influence seeds and seedlings of the tree
disproportionately. Thanks to a wide canopy of mature
melaleuca trees, the plants growing under have suffered
fewer impacts from climate change. Many studies have
reported that melaleuca trees can tolerate various
extreme conditions such as floods, droughts, and mild
saline conditions (Cuong et al., 2004; Tanaka et al.,
2011; Tran et al., 2013). Besides, their distribution in
various environments is also testament to their great
adaptability to different climates. Mature M. cajuputi
and seedlings can develop suckers from their roots,
which helps them resist flooding. Wetlands are one of
the most affected by climate change (IPCC, 2007), but
melaleuca species are well adapted to inundation
conditions (Cuong et al., 2004; Tran et al., 2013).
According to Tran et al. (2013), M. cajuputi can also
survive a shiftto a colder and drier climate. Due to these
aforementioned features, Melaleuca species possesses a
remarkable potential to regenerate. Besides seeds, M.
cajuputi can regenerate by shoot or clone-regeneration.
M. cajuputi has an average exposure to climate change
with high tolerance and adaptability. The vulnerability
assessment to climate change ranked melaleuca (M.
cajuputi) in the group of moderate vulnerability, with a
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Baseline Conservation Status

score of 2.0 at a confidence level of 2.5 (Figure 3).
According Triet et al. (2019a), Triet et al. (2019b) and
Triet et al. (2019c) showed that M. cajuputi are highly
vulnerable in U Minh Thuong national park, Phu My
species-habitats conservation area, and Lang Sen
wetland reserve, respectively. One of the reasons for
this difference is due to the characteristics of the soil
environment, the conservation level of the area, and the
geographical location.

3.2.2 Elaeocarpus hygrophilus

Elaeocarpus (E. hygrophilus) is a species in the
Elaeocarpaceae family. It is a medium-sized evergreen
tree, about 10-15 m height, with white wood and a
thornless trunk and branches. The tree bears olive-
colored, smooth, oval-shaped fruits with two pointed
ends, measuring 3-3.5 cm long and 1.5-2 cm wide, with
one seed per fruit (Figure 4). The Elaeocarpus trees are
located along the canals and on the degraded acid
sulfate soil. Due to their low economic value, they only
grow in a limited potential area with favorable
ecological conditions. This species is on the Viet Nam
Red List. In 2007, the management board of the NR
planted more than 10,000 Elaeocarpus trees. These
planted trees were propagated from other native trees
and planted from Elaeocarpus seeds. Thus, the quantity
and the area of trees have been greatly increased thanks
to these effective conservation measures.
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Figure 4. Elaeocarpus (E. hygrophilus)

Elaeocarpus, a canopy tree, requires a spacious
place to grow well. Thus, once planted in a dense
forest area, the tree often grows slowly and reaches
high but is unable to create a canopy. The trees in the
study area often suffer from pests and diseases, which
has resulted in a decrease in E. hygrophilus biomass.
Although the percentage of seedlings from seeds is
very high, they have to compete for light with other
species; thus, seedlings frequently fail. The dispersal
rate depends on the water flow and the space
availability for the tree to drop seeds. In the current
conditions, the seed dispersal capacity of the tree is
about average. Mature trees can withstand flooding
and are moderately resilient to drought. The seeds are
covered with hard shells, which has facilitated their
recovery from droughts and floods. The main threats
to E. hygrophilus in the NR include pests and diseases
and a lack of suitable habitat. The analysis recorded a
baseline conservation score of about 1.8 that was
higher than melaleuca (Figure 3). This species is likely
to be affected by floods, droughts, and salinity
intrusion in the future, based on the forecast until 2100
fromthe MoNRE (2016). The species habitat is mostly
in canals and ditches; thus, they can survive in similar
habitats in other areas without being inhibited by
changes in climatic factors. E. hygrophilus was
determined to have a moderate level of vulnerability
to climate change in the NR (score 1.8, confidence
level 3.0) (Figure 3). When subjected to the direct
pressures of climate change, this species can remain
relatively ecologically connected.

3.2.3 Bronze featherback

Lung Ngoc Hoang NR is known as the “fish
navel” of the Mekong Delta. The bronze featherback
(C. ornate) (Figure 5) is a typical species in this area
with a well-developed population. The assessments
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have observed an increasing yield with a high
commercial value. The fish usually live alone and then
gather to spawn once a year. They are highly fertile and
often spawn in tree holes, where there is the shade of
trees on the open water. Invasive weeds in the Lung
habitat interfere with this reproduction. Persistent rain
and subsequent black water from the melaleuca forest
habitat have caused slow growth or even death of the
fish. According to the managers, there are other reasons
for the death of fish, such as climate change (high
temperature and saline intrusion) and the residues of
pesticides. However, these topics need further
investigation. Habitat degradation and local fishing are
the main threats to bronze featherback. They are also
preyed upon by birds and other fishes within the NR,
such as Anhinga melanogaster and Channa striata, and
their juveniles are especially vulnerable because they
live near the surface of the water.

Figure 5. Bronze featherback (C. ornate)

Climate change can cause certain impacts on the
species survival. Droughts are considered moderate
threats, but the consequences of long-term hydrological
changes are assessed to be more significant to their
habitat. The presence of the Cai Lon-Cai Be dam will
lead to a change in the hydrological regime, namely less
seasonal variation in water flow and level. In addition,
the water management regime in the NR may affect
water quality, which exceeds the tolerance of the
species. Inundation due to sea-level rise can also reduce
the reproduction ratio by narrowing suitable habitats.
As a freshwater fish, the C. ornate may also be
threatened by the saline intrusion, as predicted by the
MoNRE (2016) and Triet et al. (2019b). If the sea level
rises according to the forecast, by 2100, the habitat of
the bronze featherback is likely to be completely lost in
the Lung Ngoc Hoang NR. The vulnerability of C.
ornate is classified as highly vulnerable (score 2.3) with
a confidence level of 3.1 (Figure 3); this was similar to
the study of Triet et al. (2019a) at U Minh Thuong
National Park (score 2.2). This can be explained by the
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similarity of geographical conditions (wetland areas)
and large populations but not as abundant elsewhere in
the Mekong Delta.

3.2.4 Giant snakehead

The giant snakehead (C. micropeltes) is a highly
important economic fish and is listed as a protected
species in the list of inland freshwater protected areas
of Viet Nam (Figure 6) (The Prime Minister of
Government, 2008). Thus, fishing the C. micropeltes
within the NR is prohibited. The fish is found in
several protected areas and is currently assessed as a
species of least concern (LC) (Allen and Ng, 2020).
According to the officials at the NR, the C. micropeltes
have high reproduction rates, but the number of
individuals is lower than that of the bronze
featherback. This may be because, during the period

of low water levels, the C. micropeltes move out of the
forest. The giant snakehead fish is a large fish, preying
on other fish and feeding on each other if there is a
lack of food. Therefore, they require a large habitat,
and areas with high densities of C. micropeltes are less
likely to have other fish species. The distribution
characteristics revealed that most live in inland slow-
flowing or still freshwater bodies such as rivers, lakes,
canals, ponds, and lagoons (Rainboth, 1996; ICEM,
2013). They breed and raise their juveniles in stagnant
water 30-100 cm deep and around 27°C (ICEM,
2013). C. micropeltes are resilient because the
spawning cycle is short, from April to June per year.
Due to their high economic value, giant snakehead fish
are facing with threats from fishing, especially people
from outside the NR. The basic conservation status of
C. micropeltes is 1.4, a low level (Figure 3).

Figure 6. (a) A juvenile giant snakehead, (b) An adult giant snakehead (C. micropeltes)

Climate change threatens to have moderate
impacts on the development and survival of the C.
micropeltes. The species spawns in stagnant areas
where flooding can reduce the availability of suitable
habitats for spawning. However, C. micropeltes are
tolerant of high water pollution and low pH and can
withstand the effects of drought, prolonged rain, and
changes in hydrology. Furthermore, the species has a
low vulnerability to rising temperatures because the
expected temperature rise in the area is within the
tolerance range (7-35°C). They can survive in
freshwater and brackish water; therefore, seawater
intrusion may have only a moderate impact. In
addition, the young C. micropeltes is known to migrate
over short distances on land to find other water bodies,
using its ability to breathe air (Pijper, 2021), which
allows it to relocate to new habitats to avoid the effects
of climate change. Adult giant snakehead fish
completely lose this ability and are thus more
vulnerable. The climate change vulnerability of C.
micropeltes is relatively low at 1.9 (Figure 3). Given
the quality of the species data, our overall confidence
level for this assessment is very high.
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4. CONCLUSION

Saltwater intrusion, droughts, high temperature,
and permanent inundation can seriously threaten all
future habitats and species. The proliferation of
invasive alien species is also the main risk to the open
water and Lung habitats. The Melaleuca and Lung
habitats have a high baseline conservation status. The
Melaleuca habitat is found to be more vulnerable than
the Lung habitat. Open water and agricultural habitats
are assessed as having low baseline conservation
status, and open water habitats are identified as more
vulnerable than agricultural habitats. The Melaleuca
habitat is influenced by non-climatic factors such as
encroachment for agricultural cultivation, the
deterioration of water quality, and thick tree density.
Most of the species selected for vulnerability
assessment have a low baseline conservation level.
The adaptability to climate change of C. ornate is
much lower than that of the other species. M. cajuputi
and E. hygrophilus have high adaptability under the
impacts of climate change. Increasing salinity,
doughts, and hydrological changes can moderately
impact on the living environment of C. micropeltes
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and C. ornate. The findings in this study could assist
the managers in formulating water management plans
to ensure the development and limit the risk of the
habitats and species in Lung Ngoc Hoang NR.
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The present study was accomplished to assess and compare tree diversity, carbon
stock, and to find the relationship between carbon stock and tree diversity in
scientifically and conventionally managed community forests (CFs) of
Kanchanpur District, Nepal. A total of 94 sample plots were overlaid with a
systematic random sampling method (51 plots in scientifically managed
Singhapur CF and 43 plots were established in conventionally managed Kalika
CF). The height and DBH of each tree were measured to calculate biomass and
carbon stock. Shannon-Wiener and Simpson’s indexes were calculated for tree
diversity. The data were pooled and analyzed using MS Excel and SPSS software.
The values were statistically compared using a t-test. The total carbon stock and
tree diversity were higher in scientifically managed CF (207.58 tons/ha and H=
0.97) than conventionally managed CF (183.72 tons/ha and H=0.85). Shorea
robusta has a major contribution on total carbon stock in both CFs (Kalika:
66.34% and Singhapur: 70.43%) followed by Terminalia tomentosa (Kalika:
24.65% and Singhapur: 13.36%). The t-test did not show any significant
difference for the mean values of carbon stocks and tree diversity between the
CFs at a 5% level of significance. However, carbon stock showed a weak but
positive relationship with species richness and negative with evenness. The result
of the study recommends managing forests scientifically for increased tree
diversity leading to enhanced carbon deposition.
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1. INTRODUCTION

The sum of carbon that is sequestered from the
atmosphere, and deposited within the forest
ecosystems (in the form of living biomass, soil carbon,
deadwood, and litter) is known as forest carbon stock
(FAO, 2011a). During photosynthesis, carbon is
typically stored as biomass in plants (Suryawanshi et
al., 2014). Of the total dry biomass of the tree, 43-50%
is carbon (Malhi et al., 2002). It is re-discharged to the
atmosphere if biomass is destroyed (Vashum and
Jayakumar, 2012). Forests play a crucial role in the
global carbon cycle and carbon balance; storing a large
amount of terrestrial carbon (~80% of above ground
and ~40% of belowground carbon) (Canadell and
Raupach, 2008; Pan et al., 2013); a serving as a natural
buffer against climate change and related challenges

(Fahey et al., 2010). The accumulation of carbon in
woods vegetation differs by topographical area, plant
species, structure and composition, canopy cover, and
management practices (Ruiz-Benito et al., 2014;
Pandey and Bhusal, 2016; Dieler et al., 2017). The
estimation of carbon storage provides valuable
information for greenhouse gas (GHG) reduction
(Johnston and Radeloff, 2019; Adame et al., 2020).
The information can be useful to formulate and
implement programs and strategies related to climate
change (Saatchi et al., 2011; Avitabile et al., 2016).
About 5-30 million plant species are expected
to be found in the world (only 5-10% of them are
identified so far) (Garcia et al., 2008; Kunzig, 2008;
Mora et al., 2011). Tropical and subtropical regions
host the maximum floral diversity (WCMC, 1992).
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Tropical forests alone store about 25% of the
terrestrial carbon stock (Bonan, 2008). Nepal hosts
3.2% of the world’s known flora; ranks in 31%tand 10"
position in terms of flowering plant diversity in the
world and asia respectively (GoN/MoFSC, 2014). The
floral diversity is on the blink of extinction due to
anthropogenic factors (such as deforestation, forest
conversion, and overgrazing) and natural factors
(such as climate change, invasion of alien species,
and disasters) (Ribeiro et al.,, 2014; Thapa and
Maharjan, 2014; Chaudhary et al., 2016). Due to the
fragmentation of forests, causing a threat to flora, there
is an increased worldwide concern on floral species
richness, composition, and forest structure (Myers et
al., 2000). The assessment of the floral diversity is
essential to conserve, protect, and manage the floral
species in the particular area (Georgieva et al., 2013;
Akinyemi and Oke, 2014). The species diversity has a
positive and independent relationship with carbon
stock (Poorter et al., 2015; Banik et al., 2018).

About 18% of atmospheric carbon dioxide
(CO,) emissions can be reduced through pausing
deforestation (IPCC, 2007). The proper forest
management focused on Reducing Emissions from
Deforestation and Forest Degradation (REDD+)
programs contributes to achieving emission reduction
(Skutsch and Laake, 2008). Community forests (CF)
plays a pivotal role in carbon storage through forest
management and conservation which ultimately
contribute to the REDD and REDD+ mechanisms
(Maraseni et al., 2005; Pandey et al., 2014). About 7%
of the forests in the world are managed under
community forestry programs (FAO, 2011b).
Scientific managed forest (SFM) employs the
silvicultural system which aims to improve forest
growth, productivity, species diversity, regeneration,
and stand dynamics (Nguyen and Baker, 2016;
Awasthi et al., 2020); whereas, conventional forest
management lacks this system. In Nepal, SFM has
been employed mainly in S. robusta forests that are
among the major tropical forests having enough
carbon-storing potential (Shrestha, 2008).

Several pieces of research have been conducted
to assess carbon stock in different regions of Nepal
(Bohara et al., 2021; Charmakar et al., 2021; Maren
and Sharma, 2021; Regmi et al., 2021). However, a
comparative study of carbon stock and tree diversity
between scientifically managed CF that employs the
silvicultural system and conventionally managed CF
that lacks the system was not conducted yet in Nepal.
Hence, this study was performed to assess and
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compare carbon stock, tree diversity and to find out the
relationship between tree diversity and carbon stock in
scientifically and conventionally managed community
forests (CF) of Kanchanpur District, Nepal. The
results of the study will be useful to managers for the
conservation of forest biomass and diversity. The
study will help to provide baseline information
regarding the present carbon pools of the proposed
study areas for REDD+ as well as help users, officials,
and managers to assess the forest carbon stock and
relationship with tree diversity in other parts of the
tropical regions.

2. METHODOLOGY
2.1 Study area

The study was conducted in two CFs: Kalika CF
and Singhapur CF of Kanchanpur District (Figure 1).
Kanchanpur (Latitude: 28°38" to 29°28' N and
longitude: 80°03" to 80°33" E) is located in Sudur
Pashchim Province of Nepal; covers an area of 1,610
km? with a population of 171,304 (CBS, 2011). It is
bordered by India in the south and west while Kailali
and Dadledhura Districts border in the east and north
respectively. The elevation and climate of the district
vary from 176 m.s.l. of the lower tropical region to
1,528 m.s.l. of the sub-tropical region. The dominant
tree species consists of Shorea robusta (Sal),
Terminalia tomentosa (Saj), Dalbergia sissoo (Sisso),
and Acacia catechu (Khayer) species. Kalika CF (area:
1.665 km? is conventionally managed while
Singhapur CF (area: 2.05 km?) is scientifically
managed (since 2017 A.D.). Kalika CF lies in ward
No. 11 of the Suklaphanta municipality consisting of
a total household of 271 with a population of 1,122.
Singhapur CF lies in ward No. 6 of Krishnapur
municipality consisting of a total household of 314
with a population of 1,834. Both the CFs lie in the
tropical climatic zone with Shorea robusta as a
dominant species.

2.2 Data collection

2.2.1 Sampling design and data collection

The inventory in both CFs was taken using a
systematic random sample procedure with a sampling
intensity of 0.5%. GPS was used to collect and locate
the coordinates of the sample plots. Arc GIS was used
to assign the sample plots to the map. Altogether 94
concentric circular plots (43 plots in Kalika CF and 51
plots in Singhapur CF) of size 200 m? for a tree (>10
cm), 25 m? for a sapling (<10 cm), and 10 m? for
seedling were overlaid (Figure 2). The reasons behind
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selecting the circular plots are easier to layout and less ~ using Diameter tape, height of the tree and sapling
perimeter coverage with a greater area which reduces  was measured with Abney’s level, and seedlings were
the probable bias due to border trees (Subedi et al.,  counted and height was measured by measuring tape.
2010). DBH of tree and sapling were measured by
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Figure 1. Map of the study area showing Kalika CF and Singhapur CF
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Figure 2. Concentric sample plots used for the inventory
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2.3 Data analysis

2.3.1 Carbon stock estimation

The carbon stock measuring guideline in CFs
(Subedi et al., 2010) was followed for the inventory.
The allometric equation was used to calculate the
above-ground biomass of a tree (DBH>10 cm) (Chave
et al., 2005). A national allometric biomass table was
used to determine the biomass of saplings
(DBH<10cm) (Tamrakar, 2000). Below ground
biomass (root biomass) was estimated from a root
shoot ratio of 0.125 (MacDicken, 1997). Then
summation of total biomass was done and multiplied
with a default carbon fraction value (0.47) which
resulted in the total carbon stock (IPCC, 2006).
Similarly, to estimate the carbon stock of a single tree
species, density values of the entire forest for that
species were summed. The percentage contribution on
carbon stock of each tree species was estimated by
dividing the amount of carbon stock of a specific
species in a forest by the sum of carbon stock/ha of all
species in the same forest.

Above ground tree biomass (AGTB) = 0.0509 x
OD2H; where, 6=wood density (g/cc), D=DBH (cm),
H=height of the tree (m).

Above ground sapling biomass [Lh (AGSP)]=a+b
In (dbh); where AGSP is in Kg, Ln=natural log, a and b are
constants, and D=DBH (cm).

2.3.2 Tree diversity estimation

Shannon-Wiener index was calculated for the
species diversity. Species dominance was calculated
using the Simpson index. The degree of the relative
dominance of each species in that area was estimated
using Pielou evenness (e). Species richness was
determined by Margalefs’ richness index.

Shannon-Wiener Index (H) = Zn;i X ln%i
Simpson Index (D) = Z%i

Pielou Evenness (e) =

H
log$S

Margalefs’ Richness Index (d) = %
Where; n=total number of individuals of all
species in that vegetation type, ni=importance value of
species, S=number of species, and ni/n=importance
probability of each species in a population.
Ms Excel and SPSS software (version 20) were
used to analyze the data. Before applying a hypothesis
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test, a non-parametric normality test was performed.
The distribution of variation in total carbon stock, H,
and D was tested using a one-sample K-S normality
test. The t-test was used to examine the variation in H,
D, d, and e in two community forests. The relationship
between total carbon stock and plant diversity was
investigated using the correlation coefficient test. The
significance level was 0=0.05.

3. RESULTS
3.1 Density and diameter relationship

The density of individual trees at different DBH
classes was found to be different in two CFs. The
distribution curve for tree species (>10 cm diameter)
showed a subsequent decrease in individual numbers
from lower DBH class to higher DBH class in both
CFs (Figure 3(a) and 3(b)). However, there was
variation in the DBH of trees between the CFs. In
Kalika CF, there was old stock of trees with a
maximum diameter of 108 cm (Figure 3(a)) while in
Singhapur CF trees were comparatively younger with
a maximum diameter of 92 cm (Figure 3(b)).

3.2 Species distribution at different growth phases

The number of seedlings and saplings was
highest in comparison to other successive development
phases in both CFs. In the case of Kalika CF, seedlings
and saplings contributed 46.17%, followed by mature
regeneration (24.59%), tree (20.56%), and pole stage
(8.65%) (Figure 4(a)). While, in Singhapur CF
seedlings and saplings contributed 52.61%, followed by
mature regeneration (23.60%), tree (12.53%), and pole
stage (11.31%) (Figure 4(b)). The total number of
seedlings, saplings, and trees was higher in Singhapur
CF than Kalika CF (Figures 4(a) and 4(b)).

3.3 Density, basal area, and species wise carbon
stock contribution

The density of Shorea robusta was highest in
both CFs (Kalika: 190.48 per ha and Singhapur:
271.43 per ha), followed by Terminalia tomentosa (50
per ha and Singhapur: 40.48 per ha) and so on (Table
1). The basal area of the species in both CFs was
maximum for Shorea robusta (Kalika: 57.61 m?ha
and Singhapur: 48.63 m?/ha), followed by Terminalia
tomentosa (Kalika: 13.93 m?ha and Singhapur: 7.54
m?/ha) and so on (Figure 5). The contribution of
Shorea robusta was maximum (Kalika: 66.34% and
Singhapur:  70.43%) followed by Terminalia
tomentosa (Kalika: 24.65% and Singhapur: 13.36%)
to the total carbon stock (Table 2).
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Table 1. Tree species and their density per ha in the CFs

Kalika CF Singhapur CF
Species hame Density (per ha) Species name Density (per ha)
Shorea robusta 190.48 Shorea robusta 271.43
Terminalia tomentosa 50.00 Terminalia tomentosa 40.48
Anogeissus latifolia 7.15 Anogeissus latifolia 16.35
Lagerstroemia parviflora 29.77 Lagerstroemia parviflora 36.27
Mallotus philippensis 30.96 Mallotus philippensis 30.72
Diospyrus melanoxylon 29.77 Diospyrus melanoxylon 21.91
Syzygium cumini 10.27 Syzygium cumini 1.93
Acacia catechu 5.95 Rhus wallichii 1.93
Rhus wallichii 1.20 Ficus sp. 13.47
Diploknema butyracea 1.20 Terminalia chebula 0.97
Terminalia belirica 2.39 Adina cardifolia 0.97
Dalbergia sissoo 4.77 Powlenia tomentosa 1.93
Eucalyptus camaldulensis 1.93
Madhuca indica 0.97

Table 2. Species contribution on the carbon stock

Kalika CF Singhapur CF

Species name Carbon stock (%) Species name Carbon stock (%)

Shorea robusta 66.34 Shorea robusta 70.43
Terminalia tomentosa 24.65 Terminalia tomentosa 13.36
Anogeissus latifolia 0.36 Anogeissus latifolia 2.18
Lagerstroemia parviflora 2.12 Lagerstroemia parviflora 3.93
Mallotus philippensis 1.38 Mallotus philippensis 6.33
Diospyrus melanoxylon 2.45 Diospyrus melanoxylon 1.71
Syzygium cumini 2.06 Syzygium cumini 0.99
Acacia catechu 0.46 Rhus wallichii 0.04
Rhus wallichii 0.11 Ficus sp. 0.40
Madhuca indica 0.13 Terminalia chebula 0.16
Terminalia belirica 0.01
Adina cardifolia 0.14
Powlenia tomentosa 0.16
Eucalyptus camaldulensi 0.22
70
= Kalika CF Singhapur CF
60
& 50 A
g
s 40 -
s
& 30 -
m
20 A
10 A
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Figure 5. Tree species wise basal area in Kalika CF and Singhapur CF
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3.4 Total carbon stock

The total carbon stock was estimated to be
183.72 tons/ha in Kalika CF and 207.579 tons/ha in
Singhapur CF (Figure 6). The mean value of carbon
stock (of tree layers) was 183.722+14.13 tons/ha and
207.58+11.50 tons/ha, respectively in Kalika CF and
Singhapur CF. However, the t-test between Kalika CF
and Singhapur CF did not show any significant
difference in mean values of carbon stock.

3.5 Tree diversity in the CFs

The Shannon-Wiener diversity was greater in
Singhapur CF (H=0.97) than Kalika CF (0.85). This
indicates the higher tree diversity in Singhpur CF than
Kalika CF. The Simpson’s index, species richness, and
evenness also support this statement. Statistically, the
t-test showed that there were no significant differences
in the values of Shannon-Wiener indices, Simpson’s
index, species richness, and evenness (0.83<0.5)
between the CFs at 5% level of significance (Table 3).

= Tree carbon m Sapling carbon

3.6 Relationship between carbon stock with species
richness, and evenness in the CFs

The r? values in both CFs ranged from 0.0657
to 0.149, indicating a positive but weak relationship of
carbon stock with species richness (Figures 7(a) and
7(b)). The values of R? ranged from 0.0342 to 0.061
which showed a weak and negative relationship of
carbon stock with species evenness in the CFs (Figures
8(a) and 8(b)).

Table 3. Diversity indices for tree species

Biodiversity indices Kalika CF  Singhapur CF
Shannon-Wiener biodiversity ~ 0.845 0.9745

index

Simpson’s index 0.4907 0.479
Average species richness 3.078 3.023
Simpson’s evenness (mean 0.715 0.73058

value)

Root carbon = Total carbon stock
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Figure 7. Relationship between carbon stock and species richness in (a) Kalika CF and (b) Singhapur CF
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4. DISCUSSION

The overall number of individuals of species
was seen to be decreasing from the early regeneration
phase to subsequent development phases in both CFs.
The number of regeneration and pole phases was
higher in Singhapur CF than Kalika CF, but large trees
were higher in Kalika CF. This result indicates that the

number of individuals at different phases was affected
by the disturbance and two different management
practices. The total number of seedlings, saplings, and
trees was higher in Singhapur CF than Kalika CF. S.
robusta was the dominant species in both the CFs in
all successive developmental phases (seedlings,
saplings, pole, and tree). The higher density of S.
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robusta might be due to the presence of low canopy
cover allowing abundant sunlight to reach the
understory which favors the abundant growth of
seedlings as well as saplings of the species (Sapkota et
al., 2009; Joshi et al., 2020). The high abundance of S.
robusta in Singhapur CF than Kalika CF might be due
to the artificial regeneration and management
strategies i.e., the annual regeneration is done each
year in the different compartment, fire line
construction and fencing has set free the Singhapur CF
from livestock and anthropogenic disturbance. The
great density and number of seedlings and saplings
show that the CF has a good regeneration capacity
(Pallardy, 2010). Variations in regeneration, sapling,
and mature tree size may be attributable to variations
in any of the study site's location characteristics, such
as topography, climate, soil nutrients, stand,
disturbances (type and intensity) (Gautam and Devoe,
2006; Sapkota et al., 2009). The study area has two
different management practices which might be reason
for the variation in regeneration, sapling, and mature
tree size.

The total carbon stock was estimated to be
greater in Singhapur CF than Kalika CF. The variation
in carbon stock between two CFs may be due to
drivers and management factors influencing them
(Mandal et al., 2013). As Klika CF was stressed by the
high anthropogenic disturbances and stand structure
was poor as comparison to the Singhapur CF. The
higher carbon stock might also be due to the greater
density of matured trees. The study conducted by
(Neupane and Sharma, 2014) in two S. robusta-
dominated CFs of Gorkha District Laxmi Mahila CF
and Jalbire Mahila CF) found higher carbon stock in
Jalbire Mahila CF which contained a higher
proportion of mature trees. Sejuwal (1994) has
reported a carbon stock of 468 tons/ha in S. robusta
forest (tree layer only) of Chitwan National Park
which is higher than the present study. This might be
due to the maturity of the forest (old aged stand store
more carbon) (Singh et al., 2006). The standing carbon
stock of trees depends upon the succession stage of the
forest and the carbon sequestration potential depends
on the age, forest type, stand condition, density, and
size of trees (Brown et al., 1989; Dixon et al., 1994;
Dieler et al., 2017). The FRA report of 2014 showed
that the total carbon stock from the forests (S. robusta
dominated) of the Terai region of Nepal be 89.18
tons/ha. In contrast to this, the present study reported
higher carbon stock where S. robusta was the highest
contributor of carbon stock in both the CFs.
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In the present study, the tree diversity
(Shannon-Wiener diversity) was higher in Singhapur
CF which is regenerated than the Kalika CF which is
old. The Simpon’s index was higher in Kalika CF with
dominant species: S. robusta. However, the t-test
showed no significant difference in values of
Shannon-Wiener and Simpson’s diversity index at a
5% significant level. Mandal et al. (2013) has also
reported no significant difference in Shannon-Wiener
and Simpson’s diversity index in three collaborative
forests of the Terai region. The species richness and
evenness were higher in Singhapur CF. The diversity
of both CFs was found to be lower than the S. robusta-
dominated CF of hilly Nepal (H=2.42) (Sapkota et al.,
2009), Namjung CF (H=1.09), and Khari CF (H=1.30)
of Gorkha district (Shrestha, 2005). In the present CFs,
carbon stock and species richness showed a weak but
positive relationship. Mandal et al. (2013) have also
found weak but positive relation (hump-shaped
relationship) between carbon stock and species
richness in collaborative forests of Terai. Nakakaawa
et al. (2010) have found a positive relationship
between tree carbon stock and species diversity in
pilot carbon offset projects in southwestern, Uganda.
Wang et al. (2011) have also reported a positive
correlation of carbon stock with diversity in the
Spruce-dominated forest of Uganda. The relationship
of carbon stock with species evenness was weak and
negative. The present finding is similar to a study
(Vance-Chalcraft et al., 2010) that found a negative
relationship of aboveground biomass with species
evenness in Puerto Rico's subtropical forest. Mandal
et al. (2013) have also reported a weak but negative
relationship (opposite hump-shaped relationship) of
carbon stock with species evenness.

5. CONCLUSION

The study showed that the carbon stock and tree
diversity were higher in scientifically managed CF
than the conventionally managed CF. Scientifically
managed CF has good regeneration status with higher
seedlings and saplings. S. robusta was the most
dominant species with the highest contribution to the
carbon stock in both the CFs. Carbon stocks of both
CFs have a positive relationship with the species
richness of the trees that indicates species diversity has
a positive impact on carbon sequestration potentiality.
As a result, this study strongly encourages the use of
sustainable  forest ~management practices or
silvicultural systems in community-managed forests.
These community-managed forests should also be
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included in the REDD+ system so that they may profit
from carbon credits, which will assist to improve
forest conditions and provide a source of cash for the
local community.
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ABSTRACT

Historical buildings are recognized as the valuable cultural heritage of a nation. They
may suffer material deterioration unavoidably because of exposure to air pollution.
We used geographic information systems with dose-response functions (DRFs) to
estimate the corrosion of copper and Portland limestone, and their risk of corrosion
with regard to historical buildings in Bangkok, Thailand. The first step was to find a
suitable spatial interpolation method considering the air pollution and meteorological
measurement data for 2010-2019 from 26 monitoring stations in Bangkok and its
neighborhoods. Applying multiple performance measures, the inverse distance
weighting (IDW) method was found to be the most suitable. Predictions of the
pollutant concentration in the spatial atmosphere showed that the concentration of all
pollutants (SO, NO,, O3, and PMp) tends to increase in 2028. Air pollution exposure
time duration tends to be a key factor affecting the corrosion of material. The results
of spatial corrosion estimations indicated that in 2010, the corrosion of copper and
Portland limestone were at acceptable levels; however, the estimated corrosion levels
for 2019 and 2028 are higher and beyond the acceptable levels. Moreover, both
materials in the Rattanakosin historical area exceed their tolerable corrosion rates
with considerably serious risks in 2028. The results can be further used to establish
active measures to reduce the rate of corrosion of historical buildings in Bangkok.
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Economic Commission for Europe (UNECE) (Tidblad
etal., 2001; Reiss et al., 2004) initially conducted field

1. INTRODUCTION
Although historical buildings indicate the

historical origin of a nation, they also are a part of
international cultural heritage and should be
conserved. Many historical buildings suffer damage
due to air pollution from various sources such as traffic
activities, road and building construction, and
industries. Pollutants are deposited and accumulated
on the building surface. Under suitable atmospheric
conditions of temperature, rainfall, and humidity,
these pollutants can corrode the building materials;
ancient materials are also affected by exposure time
and material type (Barnoos et al., 2020; Richards et al
2020; El-Gohary and Moneim, 2021). The impact of
atmospheric pollution on material corrosion has been
investigated for decades. The International Co-
operative Program on Effects on Materials including
Historic and Cultural Monuments (ICP Materials) and
the MULTI-ASSESS project of the United Nations

experiments to observe building material corrosion
and measure air pollutants and meteorological
parameters. The collected data were analyzed using
multiple regression methods to develop dose-response
functions (DRFs). DRFs were used to estimate the
effect of atmospheric pollution on historical buildings
(Christodoulakis et al., 2016; Onchang and Hawker,
2019; Broomandi et al., 2021). Building material
deterioration under defined temporal and spatial
conditions were estimated using a geographic
information system (GIS) with DRFs.

Interpolation methods in GIS (e.g., inverse
distance weighting (IDW), spline, and kriging) were
used to estimate the spatial contribution of atmospheric
pollutants and corrosion of materials in areas of interest
(Castillo-Miranda et al., 2017; Eslami and Ghasemi,
2018; Castillo-Miranda et al., 2021). IDW determines

Citation: Daengprathum N, Onchang R, Nakhapakorn K, Robert O, Tipayarom A, Sturm PJ. Estimation of effects of air pollution on the corrosion
of historical buildings in Bangkok. Environ. Nat. Resour. J. 2022;20(5):505-514. (https://doi.org/10.32526/ennrj/20/202200071)
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values at nearby locations using a linear-weighted
combination set of sample points. It provides an option
to adjust smoothness of the results by setting power Kk,
which controls the degree of local influence (Chang,
2018). Spline estimates values by minimizing overall
surface curvature, resulting in smoothly varying
surfaces of the parameters (Childs, 2004). Kriging is
based on a geostatistical method for spatial
interpolation. Unlike other interpolation methods, it can
generate prediction errors to assess the quality of
prediction. Kriging relies on the semivariogram, which
quantifies spatial autocorrelation in the dataset. The
semivariogram fitted with a mathematical function will
be used for estimating the semivariance at any given
distance. There are several types of kriging; ordinary
and universal kriging are the commonly used methods
(Chang, 2018).

However, to the best of our knowledge, a
limited evaluation process to validate these
interpolation methods prior to their application was
reported in the previous studies. For example, Spain
(De la Fuente et al., 2013) and Turkey (Karaca, 2013)
selected the kriging method to interpolate spatial
distribution of air pollution with no evaluation of the
method, while Castillo-Miranda et al. (2021) used root
means square as a single indicator to select the two
methods-IDW and kriging-for mapping of the
contribution of nitric acid to atmospheric corrosion on
zinc material. Thus, this possibly raises questions
regarding the validity of the results.

Bangkok was ranked as the world’s number one
tourist destination in 2018 by the Mastercard Global
Destination Cities Index, with the number of tourists
reaching 22.78 million in 2018 (Mastercard, 2019).
The ancient religious monuments located in the
historical Rattanakosin area in Bangkok are popular
tourist destinations. However, according to the United
Nations Environment Program (UNEP), Bangkok is
an urban area plagued by air pollution over the years
(UNEP, 2019). The high degree of air pollution,
causing corrosion of the monuments in Bangkok,
seems unavoidable. This, in turn, affects tourism in the

long run.
This study aimed to assess material corrosion
throughout Bangkok and its historical area

(Rattanakosin) using GIS with DRFs. Statistical
analysis was applied for selecting interpolation
methods. The spatiotemporal impacts of atmospheric
pollution on the monument materials were identified.
The results can be used to formulate suitable
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conservation and restoration plans for the historical
buildings.

2. METHODOLOGY
2.1 Data collection

2.1.1 Spatial data

Digital topographic maps of Bangkok, collected
from Bangkok Metropolitan Administration GIS
Center, were based on the Universal Transverse
Mercator (UTM) with World Geodetic System (WGS)
1984 Zone 47. Geographic coordinates of the Buddhist
monuments in the Rattanakosin historical area,
registered as ancient monuments in the Royal Thai
Government Gazettes for 1949-2009 (Ministry of
Culture, 2017), were collected from the Fine Arts
Department, Ministry of Culture. These monuments
are located in 12 Buddhist temples. Coordinates of air
quality monitoring stations in Bangkok and its
neighborhood (total: 26 stations) were received from
the Pollution Control Department of Thailand (PCD)
(Figure 1).

2.1.2 Attribute data

Data of monument names and construction
materials were obtained from the Fine Arts Department.
Annual air quality and meteorological data (2010-
2019), comprising air pollutant (SO, NO,, Os, and
PMio) concentrations, temperature, relative humidity,
and precipitation amount from the 26 stations, were
collected from the PCD. H* concentrations in
precipitation were received from the database of Acid
Deposition Monitoring Network in East Asia
(EANET).

2.2 Dose-response functions

Multipollutant DRFs obtained from ICP
Materials and the MULTI-ASSESS project of UNECE
(European Union, 2005; Kucera, 2014) were used
to estimate the deterioration rates of copper and
Portland limestone (Table 1), which are commonly
used in the monuments (Karaca, 2013; Onchang and
Hawker, 2019). DRFs were previously used to
examine the building material deterioration world-
wide (Broomandi et al., 2021). Since DRFs are
provided on an annual basis, all air pollutant and
meteorological data were gathered on an annual basis.
Deterioration rates can be expressed as either material
loss (ML) (g/m?) or surface recession (R) (um). R can
be obtained by dividing ML by material density
(g/cmd).
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Figure 1. Study area: Bangkok and its surrounding provinces

Note: Numbers in the Rattanakosin historical area indicate the Buddhist historical buildings in the following temples: (1) Wat Phra Chettuphon Wimon
Mangkhalaram; (2) Wat Mahathat Yuwarajarangsarit Rajaworamahavihara; (3) Wat Ratchapradit Sathitmahasimaram; (4) Wat Buranasiri Matayaram; (5) Wat
Ratchanatdaram; (6) Wat Mahannapharam; (7) Wat Bowonniwet Wihan Ratchaworawihan; (8) Wat Rat Burana Ratchaworawihan; (9) Wat Chana Songkhram
Ratchawora Maha Wihan; (10) Wat Thep Thidaram Woraviharn; (11) Wat Suthat Thepwararam Ratchaworamahawihan; and (12) Wat Ratchabophit
Sathitmahasimaram Ratchaworawihan

Table 1. Dose-response functions (DRFs) for multipollutant situations and temperature functions of unsheltered copper and Portland
limestone

Material Dose-response function (DRF) Temperature function

Copper? ML = 3.12 + {1.09 + 0.00201[SO2]*“[O3]Rheoe™™ + 0.0878Rain[H*]}t f(T) =-0.032(T-10)
(when T>10°C)

Portland limestone® R= 4.0+ 0.0059[SO2]RHeo + 0.054Rain[H*] + 0.078[HNOs]Rheo +
0.0258PM1o} t
Note: ML is material loss (g/m?); R is surface recession (um); [SO.], [NO.], [Os], and [PM] are the concentrations of these air pollutants in ug/m?; Rh is
relative humidity (%) (Rhe, which is equal to (Rh-60) when Rh>60 and 0 otherwise); Rain is the cumulative amount of precipitation (mm) over the
exposure period (t) (years); (H") is the concentration of H* in the precipitation (mg/L); t is duration of exposure in years; T is the temperature in °C. The
annual HNOs concentrations (ug/m?®) were calculated as HNO3=516 &-%%(T*273) x ([NO,][O3]Rh)°®. *European Union (2005); ®Kucera (2014).

2.3 Tolerable corrosion rate Where; n is a factor, and Ky is the background
The tolerable corrosion rate (Table 2) is the  corrosion rate.
value representing the technical and economic The corrosion rates of the two materials

considerations for a particular material and application ~ calculated from DRFs in this current study were
for its annual restoration work (Kucera, 2014). Itwas  compared with their tolerable corrosion rates. The
introduced in the MULTI-ASSESS project by  selection of n (Table 2) to analyze the acceptable
considering two main factors: (1) tolerable corrosion  corrosion rates is important. If n is too high or low, the
before action based on the stage of deterioration when  calculated tolerable corrosion rate value may be higher
the restoration starts; and (2) the tolerable time  or lower than the actual value. The tolerable corrosion
between maintenance based on how often it is  rate chosen in this study was 2.5 (n=2.5), as it
acceptable to restore the object. The tolerable  corresponds to the target for protecting the basic
corrosion rate (Kii) can be calculated as a multiple (n)  structural materials and monuments for 2020 of the

of the background corrosion rate: ICP Materials Project (UN ECE, 2009) and was also
used in previous studies (De la Fuente et al., 2013;
Kot = n x Ky (1 Karaca, 2013). Note that the tolerable corrosion rates
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used in this study are based on the European context.
Thus, using this approach for other areas raises the
concern of uncertainty in the results.

Table 2. Tolerable corrosion rates (um/year) for n=1.0 (background
corrosion rate), 1.5, 2.0, and 2.5

Material n=1.0 n=1.5 n=2.0 n=2.5
Copper 0.32 0.50 0.64 0.80
Portland 3.2 5.0 6.4 8.0
limestone

Source: Kucera (2014)

2.4 Mapping

2.4.1 Evaluation of spatial interpolation methods

We used ArcMap version 10.1 software to
generate a GIS-based spatial distribution of air
pollution and material corrosion in Bangkok. Initially,
we validated the estimation of the spatial distribution
of air pollutants by four spatial interpolation methods-
IDW, spline, ordinary kriging, and universal kriging.
The estimated pollutant concentrations were
compared with the measured ambient air quality data
averaged over all the monitoring stations. For
comparison, the following statistical indicators were
used: (1) fractional bias (FB)-a measure of the mean
relative bias, indicating only systematic errors, and the
arithmetic difference between the estimated and
observed values; (2) geometric mean bias (MG)-an
index for determining the overestimation or
underestimation or scatter; (3) normalized mean
square error (NMSE)-an estimator of the overall
deviation between the estimated and measured values;
(4) geometric variance (VG)-factor representing the
scatter of the estimated values; (5) correlation
coefficient (R)-a measure of how well the estimated
values follow trends in measured values; (6) fraction
of predictions within a factor of two of estimations
(FAC2)-representing the estimation scatter of the
spatial estimation method (Dixon and Venkatesh,
2016). The interpolation methods are validated if MG,
VG, R, and FAC2 are close to 1, and FB and NMSE
are close to 0. These statistical performance measures
can be expressed as follows:

C,—- G,

FB= o ?)
MG = Exp (InC, — InC,) 3)
NMSE = S % (4)
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VG = Exp [(InC, — C,)’] (5)

— (O C_o)(cp_ C_P)

0¢,0¢C,

R (6)

FAC2=the fraction of data that satisfies 0.5 < (C:—p <20 (7)

Where; C, is the measured value; C,, the
estimated valued; C,, the average of the measured
values; C,,, the average of the estimated valued; o,
the standard deviation of the measured value; and o,

the standard deviation of the estimated value.

2.4.2 Spatial corrosion analysis of historical
buildings

The estimated material corrosions were
quantified using DRFs (in Table 1) with air pollutants
and meteorological input parameters obtained from
the monitoring stations in 2010 and 2019. Future
corrosion in 2028 was predicted. We projected the
values of future pollution and meteorological
parameters from the observed data for 2010-2019
using exponential triple smoothing in Microsoft Excel
(version 2016) (Microsoft, 2021). Then, we
interpolated the obtained corrosion values using the
suitable spatial interpolation method selected based on
the results of statistical analyses.

3. RESULTS AND DISCUSSION
3.1 Appropriate spatial estimation methods

The validation assessment results of spatial air
pollution interpolation methods are listed in Table 3.
As each indicator has advantages and disadvantages,
multiple performance indicators should be considered
in the validation exercise. The overall results in Table
3 suggest that IDW is the appropriate method. FB and
MG indicate IDW has lower relative bias and
systematic error. NMSE and VG show that IDW has
lower systematic and unsystematic (random) errors.
FAC2 is probably the most robust because it is not
overly influenced by outliers (Chang and Hanna,
2004); it also indicates that IDW performs better than
other methods. Our finding agrees with \Vorapracha et
al. (2015) who evaluated three spatial interpolation
methods-IDW, ordinary kriging, and universal
kriging-with observed PMyo (particulate matter: <10
[Lm) concentrations using root mean square error as the
statistical measure. The IDW method was commonly
used for spatial air pollution estimation (Jumaah et al.,
2019; Pharasit and Chaiyakam, 2019). Therefore, we
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selected the IDW method to spatially estimate the
corrosion of historical building materials unlike
previous studies such as those of De la Fuente et al.

(2013) and Karaca (2013), who used ordinary kriging
without considering statistical indications.

Table 3. Results of the statistical analyses for evaluating interpolation methods

Air pollutants Interpolation method FB MG NMSE VG R FAC2
SOz IDW -0.05* 0.96* 0.01* 1.01* 0.14 1.05*
Spline -0.11 1.39 0.49 531 0.00 111
Kriging (Ordinary) -0.16 0.87 0.06 1.04 0.15 1.17
Kriging (Universal) -0.38 0.80 0.27 1.10 0.16%* 1.30
NO2 IDW 0.05 1.05 0.00* 1.00* 0.07 0.95
Spline 0.30 - 1.06 - -0.03 0.74
Kriging (Ordinary) -0.02* 0.99* 0.01 1.01 0.20* 1.02*
Kriging (Universal) -0.03 0.98 0.02 1.02 0.07 1.03
Os IDW -0.05* 0.95* 0.01* 1.01* 0.06 1.05*
Spline -0.20 - 0.63 - 0.03 1.22
Kriging (Ordinary) -0.11 0.90 0.02 1.02 0.07 111
Kriging (Universal) -0.34 0.73 0.17 1.17 0.09* 141
PMio IDW 0.10* 1.21 0.08* 1.43 0.08* 0.91*
Spline -0.23 0.93* 0.36 1.50 0.02 1.26
Kriging (Ordinary) 0.15 1.25 0.09 1.32% 0.00 0.86
Kriging (Universal) 0.18 1.37 0.13 1.73 0.03 0.83

Note: (*) indicates the best method and (-) represents missing statistical values.

3.2 Spatial estimation of air pollutant concentrations

The interpolation of air pollutant concentrations
derived from the IDW method in Bangkok in 2010 and
2019 are shown in Figures 2-5. A comparison of the
air pollutant concentrations in these two years showed
that the concentrations of all pollutants, except PMyyo,
decreased. The reductions in NO; and SO, may be
attributed to the improvements in vehicle technologies
and fuel quality (Holnicki et al., 2021). Because NO;
is one of the primary air pollutants forming Os, a
decrease in NO; is likely related to the reduction in O3
(Lee et al., 2021; Phonphinyo and Sakunkoo, 2021).
The reductions in SO,, NO, and O3z concentrations
during these two years agrees with the reported air
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quality data for Bangkok (PCD, 2020). The increment
in PM1 may be related to the rise in construction
activities, e.g., the construction of condominiums and
sky train lines in Bangkok and its neighborhood.
Sanecharoen et al. (2019) reported that the Landsat
satellite images for 2008-2014 indicate land-use
changes in Bangkok. They discovered that natural
areas were being replaced by artificial objects, as
indicated by increasing number and density of high-
rise buildings in the city. Interestingly, the higher air
pollution zone found in the western part of Bangkok
indicates the possible influence of fuel combustion in
industries in Samut Sakhon province (Department of
Industrial Works, 2021).
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Figure 5. Particulate matter (size <10 um; PMuo) concentrations in the study area in 2010 (left) and 2019 (right)

3.3 Corrosion of building materials

The estimated corrosions of copper and
Portland limestone in 2010 and 2019 are shown in
Figures 6 and 7, respectively. Both materials
underwent lower corrosion in 2010 than in 2019.
Interestingly, the decrease in the concentrations of air
pollutants, namely, SO,, NO,, and Os, were seen with
the increase in corrosion rates. This is due to the
duration of exposure time, which plays an important
role affecting the corrosion as seen in the DRFs

(Table 1). Other factors including precipitation,
relative humidity and temperature were also
responsible for the corrosion. However, this study
found their changes over the years were minor. The
density of buildings and industries in the area
indirectly affect the corrosion of materials. Recently,
a study reported the influence of building and
industrial densities on land surface temperature in
Bangkok (Sanecharoen et al., 2019). As seen from the
DRFs (Table 1), temperature plays an important role
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in material recession and is used as a variable to
explain material corrosion.

The prediction results of air pollution and
meteorological parameters for corrosion forecast in
2028 are as follows: air pollution (SO, 8 pg/m?*; NO,,
29 pg/m?; Os, 29 pg/m3; PMio, 44 pg/m?; and HNO;,

H<2
Ez-21
2-22

I mistorical buildings
] Rattanakesin historical area W28 <
l:l Bangkok area

03 6 12 18 24
O — e Kilometers

Corrosion (um)

M22-2.
W23-24
242
W25-26
M26-2.
m27-2.

1.5 pg/md); meteorology (temperature, 27.2°C;
relative humidity, 70.9%; precipitation, 658.1 mm;
and H* in the precipitation, 3.04 mg/L). The corrosion
forecasts for 2028 (Figure 8) for both materials are
much higher than the corrosion estimates for 2010 and
2019 (Figures 6 and 7).
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Figure 6. Corrosion of copper in the study area in 2010 (left) and 2019 (right)
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The corrosion of the two materials in 2010,
2019, and 2028 with their corresponding tolerable
corrosion rates are listed in Table 4. The average
corrosion rates of the two materials exceeded their
tolerable corrosion rates in 2019 and 2028. The
difference between the estimated and tolerable
corrosion rates is much larger for Portland limestone
than for copper. Overall, the results suggest an urgent
need for air pollution mitigation together with
measures to prevent building material corrosion both
in the current and future situations. Table 4 presents a

Table 4. Comparison of case studies on monument corrosion

comparison of the average corrosion rates for copper
and Portland limestone in this study for Bangkok with
those reported for other cities. For 2010, Bangkok
exhibited a lower average corrosion rate for copper
and higher average corrosion rate for Portland
limestone compared to Istanbul, Turkey. The
concentrations of all pollutants (except Os) and
relative humidity in Istanbul were higher those in
Bangkok, while the temperature and H* concentration
in precipitation were lower in Istanbul (Karaca, 2013).

Case study Year Material Corrosion (um)
Minimum Maximum Average Standard deviation
Current study 2010 Copper 0.5 1.0 0.6 <0.1
Portland limestone 5.8 9.7 7.4 0.3
Current study 2019 Copper 1.6 3.9 21 0.3
Portland limestone 104 58.4 29.8 4.7
Current study 2028 Copper 3.3 10.7 44 0.8
Portland limestone 6.8 220.9 67.3 20.1
Madrid? 2010 Copper -
Portland limestone 4.4 5.2
Istanbul® 2010 Copper 0.8 2.1 1.1 0.3
Portland limestone 4.0 7.6 5.2 0.7

Tolerable corrosion rates (um)©

0.8
8.0

Copper
Portland limestone

Note: 2De la Fuente et al. (2013), PKaraca (2013), and ‘referred to the values in Table 2

Considering the DRF of copper (Table 1), the
air pollutants and relative humidity in Istanbul may
exhibit a stronger effect on the corrosion of copper
than the conditions in Bangkok. The corrosion risk for
Portland limestone is higher in Bangkok than in
Istanbul. Similar to the above interpretation, the DRF
variables, including temperature, H* concentration in
precipitation, and calculated HNOs concentrations are
higher for Bangkok than for Istanbul. Hence, these
parameters may demonstrate a greater effect on the
corrosion of Portland limestone in Bangkok. Note
that in the Istanbul case study (Karaca, 2013), the
cumulative amount of precipitation was not
considered; hence, this variable was excluded in this
comparison.

3.4 Corrosion of monuments in the Rattanakosin
historical area

Estimates of the material corrosion in the
Rattanakosin historical area are listed in Table 5. A
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comparison of the estimates for 2019 and 2028 shows
that the corrosion rates of all monuments increased
and exceeded the tolerable corrosion rates of the
materials.

For copper, the highest risk in 2019
corresponded to the monument in temple No. 1 (2.1-
2.2 um), and more serious risks in 2028 correspond to
more monuments (temples No. 2-7 and 9-12), with
corrosion rates of 3.5-4.0 um. For Portland limestone,
the corrosion rates in 2019 and 2028 far exceeded its
tolerable corrosion rate (8.0 um). The highest risks
were in the range of 20.5-25.5 pm in 2019 and
exceeded 50.5 pum in 2028.

Note that the estimation accuracy of corrosion
risk depends on many factors, such as building
damage directionality considering the current
exposure conditions, material composition, structural
features of differentancient sites, and validity of DRFs
under different atmospheric conditions. More research
is required to consider these factors.
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Table 5. Analysis of the corrosion risk of the historical monuments in the study area

No. Temple Material Corrosion (um)
2010% 2019%* 2028%*
1 Wat Phra Chettuphon Wimon Copper 0.6-0.7 21-2.2 <35
Mangkhalaram Portland limestone 7.0-74 15.5-20.5 35.5-45.5
2 Wat Mahathat Yuwarajarangsarit Copper 0.6-0.7 2.0-2.1 3.5-4.0
Rajaworamahavihara Portland limestone 7.0-7.4 20.5-25.5 455-50.5
3 Wat Ratchapradit Sathitmahasimaram Copper 0.6-0.7 2.0-21 3.5-4.0
Portland limestone 7.0-74 20.5-25.5 40.5-45.5
4 Wat Buranasiri Matayaram Copper 0.6-0.7 2.0-21 3.5-4.0
Portland limestone 7.0-74 20.5-25.5 45.5-50.5
5 Wat Ratchanatdaram Copper 0.6-0.7 <2.0 3.5-4.0
Portland limestone 7.0-7.4 20.5-25.5 >50.5
6 Wat Mahannapharam Copper 0.6-0.7 <2.0 3.5-4.0
Portland limestone 7.0-7.4 20.5-25.5 45.5-50.5
7 Wat Bowonniwet Wihan Copper 0.6-0.7 <2.0 3.5-4.0
Ratchaworawihan Portland limestone 7.0-7.4 20.5-25.5 >50.5
8 Wat Rat Burana Ratchaworawihan Copper 0.6-0.7 2.0-2.1 <35
Portland limestone 7.0-7.4 15.5-20.5 40.5-45.5
9 Wat Chana Songkhram Ratchawora Copper 0.6-0.7 <2.0 3.5-4.0
Maha Wihan Portland limestone 7.0-7.4 20.5-25.5 455-50.5
10 Wat Thep Thidaram Woraviharn Copper 0.6-0.7 <2.0 3.5-4.0
Portland limestone 7.0-74 20.5-25.5 >50.5
11 Wat Suthat Thepwararam Ratchawora Copper 0.6-0.7 <2.0 3.5-4.0
Mahawihan Portland limestone 7.0-7.4 20.5-25.5 455-50.5
12 Wat Ratchabophit Sathitmahasimaram Copper 0.6-0.7 2.0-2.1 3.5-4.0
Ratchaworawihan Portland limestone 7.0-74 20.5-25.5 45.5-50.5

Copper
Portland limestone

Tolerable corrosion rates (um)?

0.8
8.0

Note: *Since the estimation results did not show the differences among the monuments in the year 2010 (Figure 6 left and Figure 7 left), the annual corrosion
of copper and Portland limestone were in the range of 0.6-0.7 and 7.0-7.4 um, respectively. **is the corrosion rate higher than the tolerable corrosion rate
of copper material and Portland limestone (0.8 and 8.0 um, respectively, in Table 2). Underlines are the highest corrosion rates found in the individual year.

2refers to the values in Table 2

4. CONCLUSION

The appropriate GIS-based interpolation method
to reproduce the spatial distribution of ambient air
pollution was identified as IDW from the results of
statistical analyses. In Bangkok, the concentrations of
all pollutants, except PMio, decreased from 2010 to
2019. However, the prediction shows that all pollutants
return to increase in 2028. We utilized DRFs with IDW
to calculate the spatial corrosion rates of copper and
Portland limestone in 2010, 2019, and 2028. The
material corrosion rates increased and exceeded their
tolerable corrosion rates in 2019 and 2028. Air
pollution concentrations together with the duration of
exposure time affects the material corrosions. The
corrosion rates of monument materials increased
beyond their tolerable limit in the Rattanakosin
historical area in Bangkok. The results of the current
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study can serve as concrete information to initiate
strategic actions to conserve historical buildings.
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The wastewater treatment ponds of the King’s Royally Initiated Laem Phak Bia
Environmental Research and Development (LERD) Project in west-central Thailand
provide habitats for freshwater bryozoans, which are colonial invertebrate animals.
Bryozoans sieve food particles out of the water using a retractable lophophore and
can play an important ecological role in wastewater treatment. In this unique
environment, we: (1) investigated the efficiency of a phylactolaemate bryozoan
(Plumatella casmiana) in wastewater treatment, measured by BODs, chlorophyll a
and turbidity; and (2) determined the role of protozoans in the diet of the bryozoan P.
casmiana. Comparison of growth rate and fecal pellet characteristics between
protozoan-fed bryozoans and phytoplankton-fed bryozoans was investigated. At the
end of our wastewater treatment experiment, water quality parameters were markedly
improved in the treatment with bryozoans compared to the control (without
bryozoans). The treatment efficiency levels for BODs, turbidity, and chlorophyll a
were 24.04%, 59.21%, and 55.13%, respectively. The growth rates of bryozoans in
the experimental treatment increased over time. Our study also revealed that this
bryozoan can feed on a diet of protozoans under experimental conditions. However,
the average daily growth rate of protozoan-fed bryozoans -20 zooids per day was
lower than that of phytoplankton-fed bryozoans 19 zooids per day. This may have
been due to incomplete digestion of protozoans or insufficient nutrition in the
bryozoans. The results from this study provide better understanding of bryozoan
ecology and their role in wastewater treatment systems.
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1. INTRODUCTION

Bryozoans are moss-like invertebrates that
coexist in colonies, where one colony consists of
many zooids joined together (Schwaha et al., 2016).
They are hermaphroditic and can reproduce both
sexually and asexually (Schwaha et al., 2020). Most
freshwater bryozoans can be propagated from
encapsulated seed-like structures called statoblasts.
These statoblasts are found in most bryozoans and are
important in phylactolaemate systematics (Hirose et
al., 2011). One species, Plumatella casmiana Oka,
1907 is capable of producing statoblasts that are
dormant as well as statoblasts (“leptoblasts™) that
germinate immediately upon release from the colony
(Wood, 2015). Bryozoans feed by filtering suspended
solids such as microorganisms, algae, plankton and
other debris from the surrounding water (Morris et al.,

2002; Rutkauskaite-Suciliené and Satkauskiené, 2016;
Nimtim et al., 2020). They can also consume
protozoans and rotifers (Wood, 2015). The food items
are captured by an array of ciliated tentacles and then
digested in a simple gut (Ryland, 2020). Undigested
particles are packaged together and expelled in the
form of fecal pellets (Wood, 2015). Wright (2014) and
Yepes-Narvaez (2020) reported that a single bryozoan
zooid can filter up to 8.8 mL of water per day; thus,
these animals have the potential to remove suspended
particles and algae from water and contribute to
nutrient cycling and regulation of the metabolism of
freshwater ecosystems (Todini et al.,, 2018).
Bryozoans also represent a food source for many
aquatic species and provide microhabitats and refuge
for smaller invertebrates (Gorgoglione et al., 2016).

Citation: Thongdang W, Chaichana R, Wood TS. Wastewater treatment efficiency by a freshwater phylactolaemate bryozoan and experimental
feeding with protozoa. Environ. Nat. Resour. J. 2022;20(5):515-526. (https://doi.org/10.32526/ennrj/20/202200037)
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Most bryozoans (Phylum Bryozoa) are marine.
However, some species can be found in freshwater
habitats; these are members of Class Phylactolaemata
and are referred to as phylactolaemate bryozoans
(Massard and Geimer, 2007). Bryozoans grow on
submerged objects such as glass, plastic and wood
(Wood, 2009) in shallow water, and they can live in a
wide variety of environments. They usually thrive in
warm waters between 15°C and 28°C. However, some
species can survive in cold (below 10°C) and very
warm waters (above 32°C or more). A study by
Shrivastava and Rao (1985) showed that Plumatella
emarginata could survive in Bhopal Lake in India
during the summer, when water temperatures rose to
34°C.

Bryozoans can survive in both clean water and
water that has been contaminated with pollutants such
as wastewater treatment systems. Bryozoans are also
tolerant to a wide range of pH, but thrive in slightly
alkaline water bodies (Wood, 2015). Because
bryozoans are sedentary organisms and have a certain
degree of tolerance to water contamination, they are
one of the most suitable organisms for use as
bioindicators; they are capable of assessing water
quality in a fixed location continuously and accurately
(Seansupha, 2009). Bryozoans can also be problematic
in the environment. They cause clogging of various
pipes and drainage systems (Wood, 2005) via
floatoblasts, which are characterized by their
buoyancy and mass production. In marine envi-
ronments, bryozoans spread easily by currents or by
attaching to transport ships as well as in ballast water.
Therefore, bryozoans are among the most invasive
alien species and can greatly affect native species
(Kocak et al., 2019).

In Thailand, a total of 18 species of freshwater
bryozoans have been identified from 26 provinces
(Wood et al., 2006). A member of the family
Plumatellidae, Plumatella casmiana has a worldwide
distribution (Wood et al., 2010). This paper deals
primarily with P. casmiana, which is a phylacto-
laemate bryozoan. P. casmiana is the predominant
bryozoan found in wastewater treatment systems of
the King’s Royally Initiated Laem Phak Bia
Environmental Research and Development (LERD)
Project in Thailand. In fact, the study by Nimtim
(2020) identified three species of freshwater
bryozoans living in these wastewater treatment
ponds: P. casmiana, P. vorstmani Toriumi, 1952 and

516

P. vaihiriae Hastings, 1929. Wastewater in the LERD
Project is treated by a series of oxidation ponds.
Notably, bryozoans can grow well in some of these
wastewater treatment ponds; they tend to settle on the
outfall of these ponds (Nimtim et al., 2020), where
oxygen and food are plentiful and the colonies are
beyond the reach of predatory fish. Thriving bryozoan
colonies in this environment could be due to the
combination of rich organic food materials coming
from domestic wastewater as well as dense
populations of highly nutritional phytoplankton. In
particular, Spirulina platensis (Gomont) Geitler 1925
iIs dominant in oxidation ponds (Chaichana and
Dumpin, 2016).

Bryozoans can consume a variety of foods such
as plankton and organic particles suspended in the
wastewater ponds of the LERD Project. Protozoans
are also diverse, abundant and one of the main
biological components in these man-made ecosystems
(Madoni, 2011). Protozoans may be an important
alternative food source for bryozoan nutrition. There
is strong evidence that some species of freshwater
bryozoans can feed not only on algae but also on
protozoans (Wood, 2019). Nimtim et al. (2020)
suggested that the role of ciliates in bryozoan nutrition
at the LERD Project site should be further
investigated. Nutrients derived from protozoa (as a
food) may increase the growth rate of bryozoans and
help maintain healthy communities of bryozoans in
wastewater treatment ponds.

Research on the role of bryozoans in wastewater
treatment is limited, especially in Thailand. Much of the
research has focused on bryozoans in natural habitats.
To gain more insight into the biology and ecology of
freshwater bryozoans in the LERD Project (wastewater
treatment ponds), this study aimed to explore the role of
P. casmiana in wastewater treatment, particularly in
terms of reduction of organic content (BOD:s),
chlorophyll a, and turbidity. Since oxidation ponds are
a rich source of food to bryozoans, knowledge of
protozoa as a food source of bryozoans is important, but
currently this topic is poorly understood. This study
thus further examined the role of protozoans as a food
source for bryozoans and characterized the fecal pellets
after protozoan digestion. The results should add to our
understanding of the efficiency of the P. casmiana
digestive system and create wider interest in wastewater
treatment and research in Thailand and the international
research community.
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2. METHODOLOGY
2.1 Study site

The wastewater treatment system at the LERD
Project was established in 1991 with the aim of
treating domestic wastewater from Phetchaburi
municipality, Thailand. The municipal wastewater
here is composed of organic matter, inorganic
substances, oil and various flotation agents, solids,
detergents, and nutrients. The LERD Project handles
approximately 3,600 to 6,000 m*/d. There is a total of
five ponds, comprising one sedimentation pond,

three oxidation ponds and one stabilization pond
(Figure 1). The ponds range in surface area from
10,134-42,878 m?, with a combined storage capacity
of approximately 20,000 m3/d. Wastewater flows by
gravity from pond 1 to pond 5, and then is discharged
to a nearby mangrove forest and then to the Gulf of
Thailand. When the wastewater enters the system,
the BODs ranges from 1,000-1,600 mg/L. After
treatment in all five ponds, the BODs is reduced to
only 10-15 mg/L.

Laem Phak Bia, Ban Leam District,

Phetchaburi Province, Thailand

natural trail

Mangrove forest

Grass filtration

Polishing
pond

system &
Mangrove Constructed
forest filtration wet:and
system system

-

Oxidation
pond 3

Oxidation
pond 1

Oxidation
pond 2

Sedimentation
pond

Wastewater entrance

Figure 1. Map and flow diagram of the LERD Project’s wastewater treatment system (13.0471°N, 100.0844° E)

2.2 Sampling of bryozoans and bryozoan culture
Portions of bryozoan colonies (P. casmiana)
were collected by hand from the edge of the outflow
weir of a pond where bryozoans were abundant
(Figure 2). The color of living colonies of these
bryozoans is light to dark brown and colonies are soft.
Colonies are seen as tubular branches and look like
tree roots. Portions of bryozoan colonies were then
placed in a polyethylene bottle containing a small
amount of water from the sampling point. The
bryozoan samples were cultured and used for further
experiments in the laboratory of the LERD Project.
Colonies of bryozoans were torn into small
fragments about 0.5 cm in diameter, and then viewed
under a stereo microscope (Nikon SMZ 445) to
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confirm that the bryozoans were alive. Then, 4-5
pieces of bryozoan colony were placed in plastic Petri
dishes inside a plastic container filled with water from
oxidation pond 2. We used water from oxidation pond
2 because bryozoans were most abundant there, and
the environmental conditions were suitable for
bryozoans. The Petri dishes were attached to the wall
of the container using a pair of small magnets. The
dishes were left at room temperature (30°C) for a few
days until each bryozoan colony had attached to the
Petri dish. Then, the bryozoans were nurtured for
another 3-5 days and supplied with constant aeration
(Figure 3), with the water being renewed daily (3-4 L)
to provide food for the bryozoan colonies.
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Figure 2. Location of bryozoan colonies collected from oxidation pond 2 at the LERD Project indicated by red arrow (above); and
living bryozoan colonies on hand (below left) and under microscope (below right).

Figure 3. (a) Colonies of P. casmiana (Oka, 1907) fully established in a Petri dish; and (b) Petri dishes attached with paired magnets to

the walls of a container

Water samples (n=3) from oxidation pond 2
were examined for several parameters. We measured
temperature (°C), pH, dissolved oxygen (mg/L) and
conductivity (ps/cm) using a multimeter analyzer
(WTW ProfiLine Cond 3310). Plant nutrients (mg/L)
were also measured: soluble reactive phosphorus
(SRP) by ascorbic acid method, ammonium nitrogen
by phenol hypochlorite method, total nitrogen by the
Kjeldahl method and total phosphorus by the
vanadomolybdate method. Phytoplankton — was
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collected by filtration of 10 L of water through a
plankton net (20-micron mesh). Phytoplankton species
were identified and counted for density (unit/L) using
Sedgewick Rafter counting chamber. Analysis of
water and biological samples was determined at
Department of Environmental Technology and
Management, Faculty of Environment, and
Department of Soil Science, Faculty of Agriculture,
Kasetsart University, Bangkok.



Thongdang W et al. / Environment and Natural Resources Journal 2022; 20(5): 515-526

2.3 Efficiency of wastewater treatment by bryozoans

In this experiment, we explored the role of the
freshwater bryozoan P. casmiana in wastewater
treatment based on the method of Nimtim et al. (2020).
The experiment included a control (without bryozoans)
and an experimental treatment with bryozoans,
containing around 100-150 zooids. Both the
experimental and control treatments were done in
triplicate. The water used in the experiment was taken
from oxidation pond 2. Water was poured into 18
beakers of 1,000 mL (Figure 4). Each beaker was
aerated at a constant rate to circulate food particles
throughout water column and to maintain oxygen
level, and was kept at room temperature (30-35°C)
with light: dark (L:D) conditions of 12:12 h. We
measured turbidity using a turbidity meter (WTW
Turb® 430 IR) and measured chlorophyll a by an
acetone extraction method, with wavelengths
determined by spectrophotometer. Turbidity and
chlorophyll a were measured at 0, 24, 48, and 72 h.
BODs measurement was done by Azide modification
method at 0 and 72 h to compare the values between
the beginning and end of the experiment. Wastewater
treatment efficiency was calculated using the formula
[(In-Out)/In] % 100, where In is the water quality before
the experiment and Out is the water quality after the
experiment. The growth of bryozoans was estimated by
counting the number of zooids at 0, 24, 48, and 72 h,
and then the average daily growth rate of bryozoans
(ADG) was estimated using the formula (W2-
W1)/time, where W1 is the number of zooids before the
experiment and W2 is the number of zooids after the
experiment. Water chemistry analysis was conducted in
the laboratories of the LERD Project and of Department
of Environmental Technology and Management,
Faculty of Environment, Kasetsart University,
Bangkok.

2.4 Feeding experiment of bryozoans using
protozoans as diet

The bryozoans used in this study were cultured
using the same procedure as described in section 2.2.
For protozoan culture, water collected from oxidation
pond 2 was poured into 50 mL Petri dishes and then
three boiled mung bean seeds were added to each dish
as a food source for the protozoans (Figure 5). The
protozoans were grown for 3-5 days before they were
used to feed the bryozoans. After 3-5 days, the water
in the Petri dishes became milky white, indicating a
dense population of protozoans (Figure 5). The density
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of cultured protozoans per 1 mL was calculated to
obtain an estimate of the number of protozoa.

Figure 4. Experimental setup to investigate wastewater treatment
efficiency by bryozoans

We divided the experiment into a control and
experimental treatment, both performed in triplicate.
The bryozoan colonies were placed in Petri dishes. In
the control, three Petri dishes with colonies of
bryozoans were attached to the wall of a 600 mL
beaker and the bryozoans were fed daily by
phytoplankton in water from oxidation pond 2 (600
mL of pond water).

In the experimental treatment, three Petri dishes
with colonies of bryozoans were used and protozoans
were provided as bryozoan diet. Prior to the
experiment, pond water (500 mL) was taken from
oxidation pond 2 and left for five days (we waited until
phytoplankton in the water died and settled to the
bottom of beaker). The resulting clarified water
without phytoplankton was then mixed with
protozoans obtained from our protozoan culture. On
day O, the bryozoans were fed with protozoans (500
mL of clarified pond water + 100 mL of protozoans).
During days 1-5, 50 mL of protozoans was added to
the beaker containing Petri dishes. The experiment
was conducted for six days. The feeding of bryozoans
on the protozoans was observed and photographed
under a light microscope (Leica DM500).

We measured the growth rate of bryozoans by
counting the number of zooids on days 0 to 5 under a
stereo microscope, and then estimated the average
daily growth rate. We also examined the fecal pellets
produced by the bryozoans for both the control and
experimental treatment. A pointed dropper was used
to collect fecal pellets from the Petri dishes. The shape,
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appearance, color, and detail of fecal pellets were
examined under a microscope at 400X magnification

(Wood, 2021) and fecal pellets were photographed and
compared.

Figure 5. Culture of protozoans in Petri dish (left); and bryozoan feeding experiment using protozoans as main diet (right)

Data were analyzed using descriptive statistics
(mean and standard deviation). Error bars are also
presented in bar and line graphs. A statistical test was
applied for comparing the control and the
experimental treatment using the Student’s t-test.
Means with a significance value of less than 0.05 were
considered significantly different. The statistical
analysis was performed using the IBM SPSS Statistics
software, authorized user version 22.

3. RESULTS
3.1 Efficiency of wastewater treatment by
bryozoans

We gathered general information on water
chemistry and phytoplankton communities in
oxidation pond 2 since water from this pond was used
in our experiments. Water chemistry results are
presented in Table 1. Temperature, pH, conductivity,
and dissolved oxygen were in suitable ranges for
bryozoan survival and growth. Nutrient concentrations
were high, especially nitrogen. Oxidation pond 2 was
classified as hypereutrophic (TP>0.1 mg/L and
TN>1.5 mg/L).

Phytoplankton were classified into two
divisions (Table 2). Cyanobacteria represented the
largest group in oxidation pond 2, with Spirulina
platensis as the most abundant species followed by the
genera Oscillatoria and Microcystis. High nutrient
concentrations corresponded well with high densities
of phytoplankton.

520

Table 1. Water quality measurements (mean+SD) in oxidation
pond 2

Parameter Value
Temperature (°C) 30.69+0.71
pH 8.44+0.49
Dissolved oxygen (mg/L) 5.28+1.98
Conductivity (pus/cm) 496.63+16.49
NH4*-N (mg/L) 0.51+0.03
SRP (mg/L) 0.64+0.03
Total nitrogen (mg/L) 2.92+0.00
Total phosphorus (mg/L) 0.67+0.00

Table 2. Species and densities of phytoplankton in oxidation pond 2

Phytoplankton Density (unit/L)
Division Cyanophyta

Class Cyanophyceae (Blue-green algae)

Merismopedia sp. 200
Microcystis sp. 15,050
Spirulina platensis (Nordstedt) Geitler 1,062,500
Oscillatoria sp. 85,500
Anabaena sp. 6,025
Division Chlorophyta

Class Chlorophyceae (Green algae)

Pandorina morum (Miiller) Bory 150
Tetraedron gracile (Reinsch) Hansgirg 50
Tetraedron hastatum (Reinsch) Hansgirg 75
Tetraedron trigonum (Naegeli) Hansgirg 175
Radiococcus sp. 425
Actinastrum hantzschii Lagerheim 75
Coelastrum astroideum De Notaris 200
Coelastrum microporum Néageli 75
Crucigenia sp. 800
Scenedesmus acuminatus (Lagerheim) Chodat 100
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Table 2. Species and densities of phytoplankton in oxidation pond 2
(cont.)

Phytoplankton Density (unit/L)
Scenedesmus quadricauda (Turpin) Brébisson 225
Scenedesmus sp. 125

Pediastrum duplex Meyen 100

Pediastrum simplex (Meyen) Lemmermann 50

Class Euglenophyceae (Euglenoids)

Euglena sp. 1,275
Lepocinclis ovum (Ehrenberg) Lemmermann 25

Phacus longicauda (Ehrenberg) Dujardin 25
Trachelomonas hispida (Perty) Stein 25

The wastewater treatment efficiency of P.
casmiana was determined by measuring the change in
BODs, chlorophyll a concentration, and turbidity
before and after the experiment. The results are shown

in Table 3. In the experimental treatment (with
bryozoans), after 72 h, the levels of BODs, chlorophyll
a and turbidity were reduced. In the control (without
bryozoans), chlorophyll a and turbidity values were
reduced, while BODs was elevated.

Statistical analysis revealed that after 72 h, the
BODs and turbidity levels between the control and
treatment were significantly different at the 95%
confidence level. In the control, treatment efficiency
levels for BODs and turbidity were -161.77+49.39%
and 24.09+8.74%, respectively. In the experimental
treatment, treatment efficiency levels for BODs and
turbidity were 24.04+18.13% and 59.21+15.40%,
respectively. The efficiency of chlorophyll a removal
in the control and experimental treatment was
36.89+5.30% and 55.13+14.34% (Figure 6).

Table 3. Water quality between control without bryozoans and experimental treatment with bryozoans

Variable Prior to experiment After experiment
Control Treatment
BODs (mg/L) 7.30£1.05
- After 72 h 18.8+1.97 5.2+1.03
Chlorophyll a (mg/L) 0.27+0.01
- After 24 h 0.37+0.01 0.3740.02
- After 48 h 0.36+0.01 0.30£0.02
- After 72 h 0.17+0.01 0.11+0.04
Turbidity (NTU) 33.7+£1.16
- After 24 h 34.9040.30 31.20+0.30
- After 48 h 31.63+0.49 22.50£3.06
- After 72 h 25.274+2.11 12.3614.24
100 100
s ] : S 80 -
: = : a
@ Treatment g 60 1
% -50 A §
8 2 a
£ -100 A § 40 1
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F 200 == =
0 = =
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Figure 6. Comparison of wastewater treatment efficiency (BODs, turbidity and chlorophyll a) between control and experimental treatment
(mean values with error bars). Different letters (a and b) above columns indicate significant differences between control and experimental

treatment.
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Figure 6. Comparison of wastewater treatment efficiency (BODs, turbidity and chlorophyll a) between control and experimental treatment
(mean values with error bars). Different letters (a and b) above columns indicate significant differences between control and experimental
treatment (cont.).

The results showed that during the experiment, 250
the bryozoan growth rate increased over time (Figure
7). The average daily growth rate of bryozoans was 2 200 A 165 190
54+22 zooids per day. 8 46

;C’_: 150

3.2 Feeding studies of bryozoans using protozoa = 114

In this experiment, protozoans were cultured as i 100
diet for bryozoans. The protozoans were identified as g
members of the Phylum Ciliophora (Colpidium, =
Paramecium, Tetrahymena). The density of ]
protozoans was about 1,600 individuals/mL. The
bryozoans were able to feed successfully on the 0 o ' 9 ' 48 ' 7

protozoans. The lophophore of a bryozoan aids in
waving protozoans into the mouth and further into the
digestive system (Figure 8). The _feeding rate of  Figure 7. Growth rate of bryozoans (based on number of zooids)
bryozoans was approximately 2 individual protozoans  during 72 h of feeding experiment (mean values with error bars)
per minute during the experiment.

Time (h)

lophophore ;

Figure 8. Protozoan (in red circle) entering the gastrointestinal tract of a bryozoan and presence of a fecal pellet (arrow) inside the
bryozoan. Length of bryozoan is approximately 0.5 mm (Wood, 2021).
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We examined the characteristics of fecal pellets
produced by bryozoans feeding on protozoans and
compared them with fecal pellets of phytoplankton-
fed bryozoans in the control. The fecal pellets of
protozoan-fed bryozoans were translucent and
consisted of large fragments (Figure 9(a)), indicating

@)

incomplete digestion of the protozoans. In contrast,
the fecal pellets of bryozoans in the control contained
greenish particles from ingested phytoplankton. This
was seen as a large mass of unidentified microscopic
cells (Figure 9(b)).

Figure 9. Fecal pellet of protozoan-fed bryozoan (a) and fecal pellet of phytoplankton-fed bryozoan in the control (b). Length of fecal

pellet is approximately 100 pm (Wood, 2021).

Figure 10 shows the growth rates of protozona-
fed bryozoans compared to bryozoans in the control
that were fed with phytoplankton from oxidation pond
2. Based on the number of zooids, bryozoans in the
control had relatively higher growth than protozoan-
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o
S
>
o
G
QL 0 P—
E Control Treatment
E | — |
g | = |
O 50 A =S
-100

fed bryozoans, for which growth tended to decrease
gradually throughout the experiment. The average
daily growth rates of protozoan-fed bryozoans and
phytoplankton-fed bryozoans were -20+6 and 19+34
zooids per day.

400
—— Control —®— Protozoa
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Figure 10. Comparison of growth rates of bryozoans between control (bryozoans fed with phytoplankton) and treatment (bryozoans fed

with protozoans) (mean values with error bars)

4. DISCUSSION

Bryozoans are invertebrate animals that have
the potential to be biological filters (Rutkauskaité-
Suciliené and Satkauskiené, 2016) and are part of the
cycling of organic matter (Todini et al., 2018) in
wastewater treatment ponds. The present study
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showed that in the laboratory, water quality (BODs
and turbidity in particular) in the LERD Project tended
to improve in the presence of bryozoans. The increase
of BOD:s in the control may be linked to an increase in
organic components from different sources such as
phytoplankton, zooplankton and other microscopic
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organisms (Minnesota Pollution Control Agency,
2008). Further research should investigate the
population dynamics and composition of microbial
communities in wastewater ponds. The improvement
in water quality in the experimental treatment could
have resulted from the filter-feeding activity of the
bryozoans, reducing the number of organic particles,
small organisms and perhaps dissolved organic
materials (Wood, 2021). The lophophores of
bryozoans are used to carry these organic food
materials into the mouth (Riisgard and Manriquez,
1997), with the ingested suspensions used for
bryozoan growth and reproduction (Tamberg and
Shunatova, 2016). Increasing growth rates of
bryozoans toward the end of the experiment
corresponded well with the continuous improvement
in water quality. This was consistent with a previous
study at the LERD Project, in which the filtration
rates of suspended particles by bryozoans (P.
casmiana and P. vorstmani) were as high as 74%
(Nimtim et al., 2020). When food is digested,
bryozoans excrete small oval fecal pellets that
themselves are an important food source for aquatic
life in natural systems, such as planktonic and benthic
organisms (Orellana et al., 2019; Wood, 2019).
Therefore, it is suggested that bryozoan communities
in wastewater treatment ponds should be maintained
for the benefit of water quality improvement.
However, there are many factors that should be
considered to support the colonization of bryozoans,
such as control of water level and environmental
conditions. In addition, bryozoan colonies in
wastewater treatment ponds should be protected from
fish predation, such as by putting fine screening over
the colonies.

The food sources of bryozoans are diverse, such
as plankton and organic matter suspended in water.
Protozoans are also an alternative important diet for
bryozoans (Wood, 2015), especially those that are
smaller in size, such as Paramecium. In the present
study, protozoans were offered as diet for the
bryozoans, and we confirmed that P. casmiana can
consume protozoans. This was consistent with a recent
experimental feeding study by Wood (2021),
revealing that several bryozoan species (Fredericella
indica Annandale, 1909, L. carteri Hyatt, 1866) and
Plumatella emarginata Allman, 1844) ingested
protozoans. After digestion, the bryozoans released
fecal pellets that were composed of digested and
undigested protozoans. In contrast, bryozoans that
were fed with phytoplankton released fecal pellets that
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had different characteristics in terms of color and
internal composition. We found that the fecal pellets
of phytoplankton-fed bryozoans contained densely
packed, tiny phytoplankton cells. These tiny green
particles in fecal pellets could be Spirulina platensis
(Gomont) Geitler 1925, which is a cyanobacterium
found predominantly in wastewater treatment ponds at
the LERD Project (Nimtim, 2020). The fecal pellets of
phytoplankton-fed bryozoans in the present study
were similar to those in the study by Wood (2021),
who described green fecal pellets of Fredericella
indica after feeding on cultures of Chlamydomonas sp.
Thus, the composition and characteristics of fecal
pellets depend on the food types consumed by the
bryozoans, and these can be distinguished under a
microscope.

The growth rates of the protozoan-fed
bryozoans were relatively slow, perhaps because the
bryozoans could not break apart larger protozoans in
the gut. Furthermore, the presence of some undigested
particles in the fecal pellet may be the result of those
items spending little time in the stomach. Therefore,
the full complement of nutritional substances could
not be absorbed and used for growth. The ability of
bryozoans to capture food in water is another
important factor in their growth. Because protozoans
move quickly, bryozoans may have difficulty
capturing them. Previous research also showed factors
that influence the capture of particles by bryozoans,
including characteristics of the food (such as type,
size, and concentration) (Pratt, 2008; Todini et al.,
2018). Okamura and Doolan (1993) suggested that
large colonies of bryozoans ingested greater numbers
of particles than small colonies, and that feeding of
both large and small colonies depended on flow rate
(feeding increased with flow). In contrast, the
bryozoans that fed on phytoplankton tended to grow
faster because the water from the pond offered a
greater variety of food sources, especially
phytoplankton (together with zooplankton, protozoans
and other microscopic organisms) that are the staple
foods of bryozoans (Amui-Vedel et al., 2007). In
particular, dominant S. platensis can provide high
nutritional value and may have produced the fast
growth of bryozoans in this experiment, although the
food eaten passes through the gut in less than an hour
and looks apparently intact in fecal pellets (Cancino et
al., 2019). However, the results from the present study
differed from Wood (2021), who reported that
phylactolaemate bryozoans (different species from
this study) are carnivorous and feed on protozoans and
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other small zooplankton, such as rotifers, from which
they get most of their nutrition and results in faster
growth than those with any other diet. The results of
this research on the diet of bryozoans have
demonstrated that bryozoans are omnivorous and can
be a link to the transfer of energy in ecosystems. In
addition, bryozoans can regulate population dynamics
not only of phytoplankton but also of protozoans and
possibly other microscopic animals in the wastewater
treatment system.

5. CONCLUSION

This study has highlighted the role of the
freshwater bryozoan P. casmiana in wastewater
treatment at the LERD Project. It was clearly
demonstrated that bryozoans aid in improving the
water quality, especially in terms of BODs and
turbidity. This is because suspended organic food
particles in water are removed through filtration by
bryozoans. Therefore, maintaining communities of
bryozoans in wastewater treatment ponds can be
beneficial to overall wastewater treatment efficiency.
This study also has provided further insights into the
biology and ecology of bryozoans in terms of their
diet. It was demonstrated that protozoans can be a
food source for bryozoans. However, protozoan-fed
bryozoans had slower growth rates than those
feeding on phytoplankton. This may be due to
incomplete digestion of protozoans by bryozoans, as
fecal pellets of protozoan-fed bryozoans contained
some undigested particles. More research is still
needed on the effects of wastewater contaminants
(such as heavy metals, pharmaceuticals, and personal
care products) on the growth, reproduction and

survival of bryozoans in wastewater treatment
systems.
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This cross-sectional study investigated the indoor air quality (IAQ) of public
health centers (PHCs) and primary health care units in Bangkok to determine the
impact of the different locations and ventilation systems concerning IAQ. Three
indoor air pollutants: PM2s, CO,, and CO were measured in three areas (medical
record departments, outpatient departments and examination rooms) of six PHCs
located in two different locations (main and secondary roadsides). The results
showed that the average levels of PM3s5, CO2, and CO in the PHCs located on
main roadsides were higher than those located on secondary roadsides. Among
these parameters, only CO was found to significantly differ between those two
locations indicating the result of vehicles and traffic sources regarding indoor CO
level. Furthermore, all parameters were compared among the sampling areas with
different ventilation systems; natural ventilation and air conditioner with and
without ventilation fan. The amounts of all three pollutants significantly differed
in each area with different ventilation systems. The average levels of PM;sand
CO, were the highest in areas with air conditioner without ventilation fan, while
the level of CO was the highest in areas with natural ventilation. The ventilation
was proved to be a key measure to improve IAQ. PHCs should consider
ventilation efficacy to improve the IAQ by using ventilation fans in rooms using
air conditioners. Finally, the average levels of all parameters were found below
the recommended values in related standards, indicating safe 1AQ for people
working and receiving services in PHCs.

1. INTRODUCTION

Indoor air quality (IAQ) is one of the
environmental risks concerning people’s health,
affecting their comfort and well-being when
occupying a building (Luksamijarulkul et al., 2019).
Currently, most people spend more than 90% of their
time in various activities in indoor environments such
as in an office, school, and their residence (Giulio et
al., 2010). Thus, IAQ has become an important
environment issue, especially in workplaces. Poor
IAQ could lead to discomfort and sickness, and result
in decreased work performance decrease and
absenteeism in the workplace (Indoor Air Quality
Management Group, 2019). Some equipment in
buildings such as heaters, ventilation systems and air

conditioners could cause high accumulation of air
pollutants resulting in low IAQ (Brickus et al., 1998).

Public health centers (PHC) have roles and
responsibilities to provide health services covering
primary health care needs of people in Bangkok.
Currently, 69 PHCs are distributed in 50 district areas
in Bangkok to support convenient health services and
reduce patient crowding in hospitals. In 2019, the
monthly average number of patients totaled 2,423
(~80 people daily) depending on the service area of
each center (Office of Public Health System
Development, 2020). Moreover, PHCs are workplaces
having strict requirements about IAQ because these
places serve patients with communicable diseases who
could spread pathogens through air transmission, so
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these places always use disinfectants inside the
building (Hellgren et al., 2008). Thus, controlling IAQ
remains an important role to prevent the spread of
infectious diseases and protect hospital personnel and
sensitive patients (Leung and Chan, 2006).

The location of the PHC is an important factor
for patients to receive services, especially, PHCs
located midtown on main roadsides that are easy to
approach, and always receive many people requesting
services. However, location has been found to be
related to the potential sources of pollutants, such as
busy roads, that affect the IAQ (Karner et al., 2010).
A related study reported that people residing, working
or attending school near major roads appeared to be at
greater risk of a variety of short and long term health
effects (Mullen et al., 2011). In Bangkok, major
sources of air pollution include large numbers of
vehicles, construction of buildings and sky train
facilities, and open burning, especially grilling food
using charcoal. Vehicles were indicated to be the main
cause of air pollution problems in 2018; they generate
high concentrations of pollutants including black
smoke, nitrogen dioxide (NO;), ozone gas (Os),
particulate matter with a diameter of 2.5 micrometers
or less (PMz:), and particulate matter with a diameter
of 10 micrometers or less (PMao) causing problems in
areas near roadsides (PCD, 2019).

Related research of IAQ in nine advanced level
hospitals from 11 provinces in 2014 revealed that a
high percentage of examination rooms from all
hospitals exceeded the maximum permissible levels of
air quality parameters, including CO; (15.59%),
relative humidity (43.48%), temperature (87.68%),
PM2s (1.70%), formaldehyde (19.51%), bacteria
(50.00%), and mold (25.75%) (Chokwinyou et al.,
2014). More recently, a study measuring 1AQ in
Thailand concluded that the most problematic
parameters included temperature, relative humidity
and dust (PMio, PM2s) due to activities of building
users and insufficient ventilation (BOED, 2018). In
addition, the Environmental Sanitation Office,
Bangkok Metropolitan Administration conducted a
survey to measure air quality in 27 buildings of PHCs
in 2019 and found IAQ parameters in waiting rooms,
OPDs and nursing laboratories of several PHCs were
above the maximum permissible levels, including
PM2s (18.52% of total survey), PMi (16.05% of
total survey), and CO, (12.35% of total survey)
exceeding the Singapore recommended values of less
than 35 pug/m3, 50 pg/m?3, and less than 1,000 ppm,

respectively (Office of Public Health System
Development, 2020).

This study aimed to reveal the IAQ of PHCs
(involving three main parameters: PM2s, CO-, and
CO) located in different locations, main and secondary
roadsides, which were compared to determine the
effect of both locations on the IAQ. Results were also
compared among different indoor areas to reveal the
effect of ventilation on IAQ. The results can provide
information to establish guidelines or suggestions to
improve IAQ minimizing the health risk of the patient
and staff in PHCs.

2. METHODOLOGY
2.1 Study area

This cross-sectional study was conducted in six
of atotal 69 PHCs in Bangkok from May to July, 2021
during the COVID-19 outbreak. These six sampling
sites were selected using purposive sampling method
and dividedg in two groups; three PHCs (PHCa,
PHCg, and PHCc) located on main roadsides, and
another three PHCs (PHCp, PHCg, and PHCk) located
on secondary roadsides (small streets with two lanes)
(Figure 1).

2.2 Data collection

In each PHC, samples were collected at three
different areas including the medical records
department (MRD), outpatient department (OPD), and
examination room (EXR) hosting different activities,
numbers of people and ventilation systems. Each
sampling point was collected at two different service
time intervals: 8.00 to 11.30 and 12.30 to 16.00.
Triplicate samples were collected from three different
weekdays; Monday, Thursday and Friday. For each
sampling time, the three main parameters measured
were PM;s, CO», and CO, and ventilation in the area
was recorded while sampling. The sample sizes totaled
108 samples per parameter.

2.3 Indoor air quality measurement

The level of PM2s was determined using a
particle measurement instrument (DustTrak™ II
Aerosol Monitor 8530). The instrument showed
real-time aerosol mass readings with gravimetric
sampling and zero calibration performed with a zero
(HEPA) filter, before starting the sampling. The
measurement ranged from 0.001 to 400 mg/miand
particle size range was approximately 0.1 to 10 pm.
CO and CO. were measured using an indoor air
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quality meter (HD37AB1347). The measurement
range was 0 to 5,000 ppm for CO; and 0 to 500 ppm
for CO. Both instruments were calibrated before
initiating this study. For each measurement, the

instruments were placed in the breathing zone at a
height of 90 to 100 cm above the floor and in the
middle of the room.
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Figure 1. Map of sampling sites, Public Health Centers in Bangkok, Thailand

2.4 Statistical analysis

Descriptive statistics were used to illustrate
PHC characteristics. The normal distribution of the
results was checked using the Kolmogorov-Smirnov
test, and each sample was assumed to be drawn from
a non-normal distribution. The results obtained for
IAQ parameters (PMa;, CO,, and CO) were compared
using the Mann-Whitney U test for different locations
(main and secondary roadsides). The Kruskal-Wallis
Test was used to compare the results of all
measurements between different ventilations (natural
ventilation, air conditioners without ventilation fan
and air conditioners with ventilation fans). The critical
level for statistical significance was used as p<0.05
and all data were analyzed using SPSS, Version, 18.0.

Table 1. Ventilation systems of the areas during sampling (N=108)

3. RESULTS AND DISCUSSION
3.1 Ventilation of the sampling areas in PHCs

In the selected PHCs, all the buildings were up
to 30 years old. The sampling areas used different
ventilation systems during sampling although they
were located in the same type of sampling area: MRD,
OPD or EXR. Most had air conditioners (83.3%) but
some areas in some PHCs had natural ventilation
provided by windows and doors (16.7%). Ventilation
systems of the sampling areas could be divided in three
types: natural ventilation, air conditioner without
ventilation fan and air conditioner with ventilation fan
as shown in Table 1.

Type of ventilation Sampling area Total (%)
MRD OPD EXR

Natural ventilation 0 7 11 18 (16.7%)

Air conditioner without ventilation fan 31 14 22 67 (62.0%)

Air conditioner with ventilation fan 5 15 3 23 (21.3%)

Total 36 36 36 108 (100%)
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3.2 Comparison of 1AQ between groups of PHCs
with different locations

The IAQ in two groups of PHCs, located on
main and secondary roadsides were compared to
investigate the effect between those locations on I1AQ
in PHCs and the result are shown in Table 2. The
average levels of PM,s, CO2, and CO in the PHCs
located on main roadside were higher than those
located on secondary roadside which proved that these
different locations had an effect on 1AQ in PHCs.
However, only the CO was found to differ
significantly between these two groups (p<0.05); the
CO in PHCs on the main roadside was higher due to
the higher traffic volume which was the main source
of CO from the road. Babayigit et al. (2014) reported
in a case study of 1AQ at primary schools in Turkey
that the higher level of CO in schools located on a
main street and close to heavy traffic significantly

differed from the level in schools far from heavy
traffic. However, Chamseddine et al. (2019) studied
the indoor CO level from three hospitals in Beirut,
Lebanon and found that the CO level at the lower floor
was slightly higher than those at the upper floor
primarily from the result of outdoor vehicle induced
emission.

3.3 Comparison of 1AQ in the sampling areas with
different ventilation systems

To investigate the effect of ventilation on 1AQ,
the results of PM.5, CO,, and CO measurement in each
sampling area among three different ventilation
systems were compared as shown in Table 3. The
results of all PM. s, CO>, and CO significantly differed
in each area with different ventilation systems
(p<0.05) indicating effect of ventilation systems on
these indoor pollutants.

Table 2. Comparison of IAQ parameters in PHCs between the groups located on the main and secondary roadside

1AQ Parameter Location of PHC p-value
Main roadside, (n=54) Secondary roadside, (n=54)
PM2s (ug/m®) 10.445.1 9.0+3.0 0.12
CO2 (ppm) 777.0+290.1 668.4+119.4 0.13
CO (ppm) 2.5+1.4 1.640.8 <0.001*
*: Mann-Whitney U test
Table 3. Comparison of IAQ parameters among sampling areas in PHCs with different ventilation systems
1AQ parameter Type of ventilation p-value

Natural ventilation,

Air conditioner without

Air conditioner with

(n=18) ventilation fan, (n=67) ventilation fan, (n=23)
PM2s (ug/m?®) 9.4+3.3 10.5+4.7 7.742.6 0.034*
CO2 (ppm) 538.3+62.0 793.1+253.6 662.0+94.8 <0.001*
CO (ppm) 2.5+0.9 2.241.4 1.240.6 0.001*

*: Kruskal- Wallis Test

For PM;s, the highest average level was found
in area with air conditioners without ventilation fan
(10.5+4.7 ng/m?®), following by natural ventilation
(9.4+3.3 pg/m®) and air conditioner with ventilation
fan (7.7£2.6 ng/m®), respectively. The highest average
level in the area with air conditioner without
ventilation fan was due to the accumulation of fine
particles from outdoor sources such as diesel vehicles
with no or less ventilation to the outside. However, the
ventilation fan proved to reduce PM: s level in the area
with air conditioner. Lomboy et al. (2015) studied the
characterization of PMzs in an urban tertiary care
hospital in the Philippines and found that the level of

PM2s in the mechanically ventilated wards were
predominantly affected by the air conditioning system,
human activities and the infiltration of contaminated
outdoor air. Furthermore, a case study in Bangkok
regarding the relationship between indoor and outdoor
PM:s concentrations in different conditions (open and
closed ventilation systems) reported the PMg;s
concentrations in the closed ventilation area in each
place in terms of Indoor/Ambient ratio (I/A ratio)
ranged from 0.37 to 3.57, indicating that outdoor
PM:zs can enter the buildings through the ventilation
system and infiltration (Sompornrattanaphan et al.,
2018). Similarly, indoor PM2 5 concentrations in non-
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central air-conditioned hospitals were reported to be
associated with outdoor concentrations indicating the
impact of ambient air quality in urban centers on 1AQ
(Nimra et al., 2021). Lee et al. (2020) studied the
intervention effect on IAQ in hospitals and found that
only PM,s concentrations decreased in rooms
employing an air-cleaner. However, the highest
average level of PMys at 10.5+4.7 ug/m? in this study
was still below 15 pug/m?® (24-hours) following the new
WHO air quality guidelines (WHO, 2021) indicating
low risk from PM s exposure inside the PHC building.

For CO;, the highest average level
(793.1£253.6 ppm) was found in the area with air
conditioner without ventilation fan followed by air
conditioner with ventilation fan (662.0+94.8 ppm) and
natural ventilation (538.3+62.0 ppm). High CO- levels
were detected in some areas, the maximum level at
1,708 ppm, which was higher than 1,000 ppm,
indicating inadequate ventilation in the building
(NIOSH, 1987). The source of indoor CO; was from
people inside the building, both patients and staff
under inadequate ventilation of the area resulting in
indoor CO, accumulation. The natural ventilation via
door and window openings proved to be the best
choice to reduce indoor CO, effectively. Furthermore,
appropriate outpatient appointment systems limiting
and distributing the patient number during service
times can be applied to reduce occupant density and
time patients spent in the room. An onsite
measurement of indoor CO; in the outpatient waiting
rooms at a Chinese hospital revealed that CO; level
varied with people density and measured CO.
concentration exceeded the threshold of 1,000 ppm in
hospital departments that were too crowed and during
rush hour period (Tang et al., 2020). However, a
related study of indoor CO; in another hospital in
China, found that the cause of indoor CO; level related
to patient habits to maintain thermal comfort including
closing and opening windows or doors and turning the
air-conditioner on and off. Increasing indoor CO; level
resulted from the closed rooms where indoor air could
not be diluted by fresh air from outside (Zhou et al.,
2015). Similarly, Argunhan and Avci (2018) evaluated
IAQ of the university classrooms in Turkey and found
that increased CO; levels were associated with the
number of people in the area together with closing
doors and windows. However, Zuraimi et al. (2007)
studied the effect of ventilation strategies of child care
centers on IAQ in Singapore and found that the
ventilation rates of the air conditioners were
significantly lower than those of natural ventilation

resulting in higher levels of occupant-related
pollutants such as CO,. In addition, the highest
average level of CO; at 793.1£253.6 ppm was still
below the threshold limit value of 5,000 ppm as the
American Conference of Governmental Industrial
Hygienists standard (ACGIH, 2013) indicating low
risk from CO; exposure inside the PHC buildings.

For CO, the highest average level in the area
with natural ventilation was 2.5+0.9 ppm, followed by
air conditioner without ventilation fan (2.2+1.4 ppm)
and air conditioner with ventilation fan (1.2+0.6 ppm).
The highest average level in areas with natural
ventilation was due to the outdoor source affecting
IAQ. Ventilation fans were proven to reduce CO in the
area with air conditioners. Mendes et al. (2013)
studied the IAQ in elderly care centers in Portugal and
found that maximum CO level was in the room with
an open window next to a heavily trafficked road.
Similarly, Synnefa et al. (2003) investigated the IAQ
in 15 school buildings in Athens, Greece and found
that CO level in several classrooms was higher than
the recommended limits due to insufficient natural
ventilation and lack of mechanical ventilation.
However, the highest average level of CO at 2.5+0.9
ppm was still below the threshold limit value of 25
ppm (8 h) as the ACGIH standard (ACGIH, 2013)
indicating low risk from CO exposure inside the PHC
building.

Finally, an overview of the results in Table 3
revealed that better ventilation could provide better
IAQ by reducing indoor air pollutants. Areas using air
conditioner with ventilation fan had lower levels of
PM2s, CO,, and CO comparing with those areas
without ventilation fan. Thus, ventilation fan openings
in room using air conditioners should be employed to
reduce health risks from indoor air pollutants. For the
areas using natural ventilation, all three parameters
were also determined in safe levels for people’s health.
However, the results in this study were from a survey
in a short period which did not represent conditions all
the year round, especially during the peak period of
PM_2s in winter. Thus, the long term study covering the
peak period is of interest for the further study.

4. CONCLUSION

Safety and health of staff and patients from
PM;s, CO,, and CO when working and receiving
services in PHCs was ensured by the results in this
study. Although all average levels of PM.s, CO2, and
CO were higher in PHCs located on the main roadside,
only CO significantly differed between both locations
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which could indicate the sources from vehicle and
traffic outside the buildings have an effect on the
IAQ. However, comparing IAQ among three different
ventilation systems, the average levels of all measured
parameters in the area with different ventilation
systems significantly differed indicating the effect of
ventilation on indoor air pollutants. Ventilation was
proved to be a key measure to improve IAQ. For this
reason, PHCs should consider ventilation efficacy to
improve the IAQ by using ventilation fans in rooms
using air conditioners during service times.
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E-waste management is undoubtedly one of the important environmental
concerns at present because the dependence on electronic devices has increased.
There have been policies, legal provisions, and advocacy undertakings educating
and introducing ways to manage and properly dispose of e-waste in the region
yet there is no clear understanding of these practices, particularly in Higher
Education Institutions (HEIs). The present study evaluates the e-waste
management implementation of HEIs in South Central Mindanao, Philippines
using survey questionnaires and in-depth interviews with 13 HEI representatives.
The surveys showed that 39% of the HEIs have an annual budget of less than
PhP100,000.00 (USD 1,950). Moreover, 23% of HEIs annually purchase 10-60
units of Information and Communication Technology (ICT) equipment. E-waste
management among HEIs shows that 53.8% of ICT and electronic devices end
up in landfills and 23.1% in informal sectors like junk shops. It can be noted that
the yearly generation of e-waste among HEIs highly impacts the rise in the usage
of IT equipment and electronic devices. Lack of awareness, e-waste disposal
facilities, priorities, audit resolution and procedure and no definite legislation or
laws among HEIs are the main challenges for e-waste management in the region.
This study prompts mainstream e-waste management in HEIs and enlightens the
public about appropriate strategies to address this issue. Furthermore, the
findings of this study can be useful in formulating national and regional e-waste

management plans and programs.

1. INTRODUCTION

The rapid advancement in technology, the
constant introduction of innovative designs and smart
functions, appealing marketing, and compatibility
issues have caused the reduction in lifespan and
accelerated obsolescence of electronic products,
resulting in escalated quantities of e-waste (Kiddee et
al., 2013; Agamuthu et al., 2015; Cucchiella et al.,
2015; Kitilaand Woldemikael, 2019). The Philippines
is also facing these kinds of challenges due to the
increasing usage of Information and Communication
Technology (ICT) equipment and electronic devices
both in basic education and higher learning institutions
and with the onset of COVID-19 where online
classes were implemented. Poor enforcement of
environmental laws, lack of e-waste legislation or
frameworks and shortage of e-waste management
facilities have led to critical human and environmental

problems, particularly in developing countries where
80% of discarded electronics from developed nations
are transported (Lundgren, 2012; Kiddee et al., 2013;
Kitila and Woldemikael, 2019). Several studies have
reported that toxic metals and harmful chemicals
such as polychlorinated biphenyls (PCBs) and
polybrominated diphenyl ethers (PBDEs) can be
emitted from e-waste, adversely affecting human
health through food chain contamination and direct
occupational exposure on workers who engage in
primitive recycling (Williams et al., 2008; Robinson,
2009; Kiddee et al., 2013).

The dilemma of e-waste generation in the
country has become even more intricate to handle due
to the importation of used and scrap electronics from
developed nations; thus, the Philippines is beset with e-
waste problems from two sources-the locally generated
ones and the imported e-waste that contains discarded

Citation: Dayaday MG, Galleto Jr FA. Electronic waste (e-waste) management of higher education institutions in South Central Mindanao,
Philippines. Environ. Nat. Resour. J. 2022;20(5):534-542. (https://doi.org/10.32526/ennrj/20/202200053)
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products from other countries (Gutierrez and Agarrado,
2011; Sasaki, 2021). In the case of government offices
and institutional users of electronics (e.g., computers
and laptops), obsolete products are cast-off through a
lengthy and tiresome procedure of bidding by recyclers
to procure the electronics for discarding (Alam, 2016).
According to Celestial et al. (2018), there were 119
registered Treatment, Storage and Disposal (TSD)
facilities in the Philippines as of 2011, but only 23
facilities are handling e-waste and only one in South
Central Mindanao. There is no doubt that there will be
a paucity of proper e-waste disposal schemes and
facilities in the Philippines, especially in the region.
Most obsolete electronics are simply stored, discarded
with municipal wastes, or crudely recycled (Alam,
2016; Rosete and Valdez, 2018). Despite the existence
of Philippine Republic Act No. 6969 or the Toxic
Substances and Hazardous and Nuclear Wastes Control
Act of 1990 which controls substances with toxic
components, there is no clear-cut provision for e-
wastes, absence of appropriate recycling facilities and a
lack of skilled manpower (Peralta and Fontanos, 2006).
Hence, e-waste management in the country, including
among HEIls, remains implausible. E-waste
management entails the process of collecting e-waste,
recovering, and recycling material in a safe manner and
disposal of e-waste through appropriate techniques to
reduce its adverse effects on the environment.

HEIs in the Philippines are currently
intensifying the use of ICT, thereby increasing their
procurement and consumption of electronic
equipment such as computers, laptops, and printers for
efficient delivery of learning. Considering their
reliance on electronic goods, along with frequent
upgrading or replacement of such equipment, higher
learning institutions markedly contribute to the
generation of e-waste (Agamuthu et al., 2015).

Given the gaps, this study seeks to evaluate the
e-waste management implementation of HEIls in
South Central Mindanao, Philippines. As emerging
academic institutions in the region often institute
higher standards for e-waste management for the
protection of people, the environment, and other
organizations, the results of this study not only
contribute to the higher learning institutions but can
also be used to support the policymakers, especially
with mainstreaming the e-waste management system
through revisiting audit procedures and establishment
of appropriate recycling facilities. Furthermore, the
findings could provide baseline information on e-
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waste management in the Philippines considering only
a few to none have explored e-waste management
among HEIs in the country.

2. METHODOLOGY

The study was conducted in South Central
Mindanao, Philippines. It covers four provinces and
one highly urbanized city. The study focuses on the
province of Cotabato which covers 17 municipalities
and one component city, with a total of 30 public and
private (colleges and universities) (Figure 1). Letters
were sent to 30 higher learning institutions as survey
respondents. Of these, only 13 (4 public and 9 private)
universities and colleges agreed to provide data for the
study. This number is ample enough to represent the
current condition of the institution toward e-waste
management in the region as they are major
institutions in the region. Primary information was
gathered from the key respondents designated by each
HEI, such as the ICT Laboratory Aid, Property
Custodian and Electronics/Electrical Laboratory In-
charge. These individuals were chosen by their ICT
personnel because of their proficiency and profound
link with the subject under investigation.

2.1 Data collection and analysis

Each key respondent was sent a survey
questionnaire consisting of 19 items relating to the
annual purchase of electronic devices by the HEIs,
options available for management concerning the
functional and/or damaged electronic items, solid
waste disposal practices and e-waste management
activities organized by the HEIs. Prior to the survey,
the developed questionnaires were tested and verified
to draw recommendations for improvement and assess
their efficiency in capturing data. Since the study was
carried out from January through June 2020, during
the onset and height of the COVID-19 pandemic, the
survey was delivered online through Google forms. A
link was sent to each respondent through email.

To verify and seek to get more details about the
survey results, the key respondents were visited by the
research team for a key informant interview (KII).
During the interview, the survey respondent was asked
the same questions developed in the online survey
from Google forms. By doing so, the survey responses
were verified, validated, and elucidated. Descriptive
statistics such as frequency, percentage and mean were
used to analyse the collected data.
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Figure 1. Map of South-Central Mindanao (13 colleges and universities)

3. RESULTS AND DISCUSSION
3.1 Annual purchase of electronic devices among
HEIs

Colleges and universities need various types of
electrical and electronic equipment in carrying out
their daily undertakings, particularly ICT devices
(e.g., desktop computers, laptops, computer mice, Wi-
Fi routers, printers, copiers, televisions, projectors,
and sound systems). Most of the interviewed learning
institutions procure 1-9 electronic units yearly and
allocate an annual budget of less than PhP 100,000.00
or USD 1,953.24 (38.5%) (Figure 2(a)). More than
twenty-three percent (23%) have an annual purchase
of 10-69 units of electronics and a minor proportion
(15.4%) acquire over 70 units in a year. By and large,
HEIs with more personnel and students procure more
than 100 units of electronics and spend between PhP
100,000.00 and PhP 1,000,000.00 (USD 195,324)
annually. The annual purchases typically consist of
photocopiers, laptops, desktops, television, computer
mouse, Wi-Fi router, printer, LCD projectors, mobile
phones, electric fans, water dispensers, air
conditioners, computer wires, and an LED wall. These
electronic devices are important tools for HEIs, aiding
them in intensifying their ICT efforts and realising
their education and research objectives. HEIs
relentless demand for electronic items, due to their
need for more advanced technology or design,
additional appliance, and features lacking in older and
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worn-out equipment, make HEIs one of the leading
generators of e-waste.

The perceived life span of acquired items
among HEIls such as laptops, desktop computers,
television, and Wi-Fi router last for more than five
years (Figure 2(b)), which agrees with the study of
Islam et al. (2021), while mouse, LCD projectors, and
printers have a relatively shorter life span of two years.
Because of the frequent usage and multiple users of
printers and LCD projectors, it is estimated to have a
shorter life span.

HEIs have various considerations regarding
whether to repair an impaired electronic device or not,
such as (1) price, (2) warranty, (3) knowledge and skills
in repairing, and (4) availability of spare parts as shown
in Figure 2(c). Over seventy-six percent (76.9%) of the
respondents indicated that the cost for repair relative to
purchasing a new product is the factor most considered,
closely followed by the validity of warranty service
(69.2%). When the cost for repair is comparably higher
than the price for a new item, HEIs would rather replace
the impaired product. Public HEIs opted to replace
impaired products especially when there was no
allotment for repair indicated in the procurement plan.
When the product is under warranty and it’s already
impaired, only the supplier can repair otherwise
warranty will be void. The product that required higher
knowledge and skills in repairing that are hard to find,
thus HEIs opted to replace with a new one.
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The number of HEI-owned ICT and electronics
equipment being repaired yearly is between 10-39 and
a marginal proportion (7.7%) renders 70-99 items for
repair as presented in Figure 2(d). Regarding the
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Figure 2. (a) HEIs number of units purchased yearly, (b) perceived life span of electronic equipment, (c) factors considered by HEIs in
repairing electronics items, and (d) number of electronic and electrical equipment repaired yearly

3.2 Management practices for both functional and
damaged electronic items

With the number of electronic and electrical
equipment repaired annually and having reached their
useful life, they become part of e-waste because they
are working but are outdated, or damaged/unusable. It
was found out that most of the workingelectronic and
electrical devices that are no longer used by the HEIs
for obsolete electronic items end up in any of these
routes: storage room, other agencies/offices/ schools
through donation, or sold as a second-hand product
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which is brought to a local recycling centre or stripped
for spare parts (Figure 3(a)). The majority of HEISs,
both private and public colleges and universities end
up putting their electronic and electrical devices into
storage followed by stripping for spare parts or
materials. This is consistent with extant studies
suggesting that placing in storage is one of the
practised modes of disposal for e-wastes (Agamuthu
et al., 2015; Alam, 2016; Kitila and Woldemikael,
2019). In the absence of precise directives for its
management, e-wastes are typically stored for a
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certain period due to a perceived value but eventually
run through other phases such as reuse, recycling, and
the landfill (Peralta and Fontanos, 2006; Oteng-
Ababio, 2012).

Dismantling of out-modelled or obsolete
electronic devices ranked as the second most adapted
management option for e-wastes. Electronic items
usually consist of spare parts and assemblies that have
economic value, and these functional components are
often recovered by recyclers. Through recycling,
natural resource depletion and reducing greenhouse
gases can be addressed (Ko et al., 2021). Through a
process known as cannibalization, functional
components of discarded computers and laptops are
stripped and are used to create a new unit,
subsequently sold at second-hand markets (Carisma,
2009) and the recovery of waste materials (reuse and
recycle) is the technique to reach the goal of using
everything and nothing left (Ko et al., 2021).

The results reveal that few of HEIs donate
working electronic equipment because of an existing
protocol among government learning institutions:
obsolete electronic devices must be turned over to
General Services Offices (GSO) or property officers.
Accordingly, only private tertiary schools can perform
other disposal modes-the doling out or selling off
obsolete electronics as second-hand products, and
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taking them to local recycling centres- due to the
prevailing audit procedures and regulations for public
HEIs.

While Figure 3(b) presents non-working and
damaged/unusable electronic and electrical devices as
practised by surveyed HEIls, disposal methods for
unusable electronics are largely like those working but
obsolete devices, with storing and stripping for spare
parts as the topmost responses. Damaged electronics
are temporarily kept for a short time until they are
picked up by garbage collectors or scavengers. Other
discarded devices are also dismantled to recover
useful subassemblies and components that can be
utilized for other purposes. Despite its relative
advantages, recycling and/or selling discarded devices
are placed only by private institutions. Recycling is
deemed as an effective yet underutilized e-waste
management alternative (Kitila and Woldemikael,
2019), rendering several positive implications
including pollution prevention; avoiding the need to
extract limited resources; reducing energy used in
manufacturing new products. As elicited from the KIl,
most of the selected tertiary schools do not practice
recycling, stemming from the absence of definite e-
waste disposal policies and regulations, facilities and
the established audit procedure and resolution for
government-administered HEIs.
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Figure 3. (a) Management of working electrical/electronic devices and (b) management of non-working and damaged electronic devices
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The management practice differs according to
the devices, the most common management
alternatives for both functional but out-outdated
devices and non-working items are recycling and
dismantling/stripping of usable assemblies or spare
parts are the topmost response (Figure 4(a)). Since
repairing is also an integral management option for
HElIs, cost, warranty validity and availability of spare
parts as prime considerations. Disposing of trash is
common for computer mice and computer wires while
laptop and desktop computers are for donating to civic
organizations or schools. Only a few engaged in
selling and sorting electronic and electrical devices.

Among the salient findings of the present study
is solid waste including e-wastes disposal practices of
colleges and universities in South Central Mindanao
(Figure 4(b)). Solid wastes generated by HEIs
primarily ended-up in either of these routes: landfills
(53.8%), informal e-waste sectors such as junk shops
(23.1%) and returned to GSO for audit purposes
(7.7%). Remarkably, a sizeable proportion (15.4%)
also expressed that they completely lack solid waste
disposal procedures in their institution. In the absence
of e-waste regulations and clear policies, discarding e-
wastes through local garbage collection offers the
simplest option for HEIs.

This observation is congruent with other studies
indicating that landfilling remains the most practised
means of disposal for various types of wastes,
including e-waste (Lundgren, 2012; Agamuthu et al.,
2015; Rosete and Valdez, 2018). Despite its
practicality, discarding of e-waste in the general waste
stream has critical setbacks: possible leaching of

(a) 100% -

Percentage (%)

highly toxic elements such as Ba, Cd, Ar, Se, Cu, Pb,
Hg and Li, and contamination of soil and water bodies
(Tiwari and Dhawan, 2014; Ponghiran et al., 2021),
and shortage of landfill space (Rosete and Valdez,
2018).

Public awareness has an imperative role in
addressing issues and challenges associated with e-
waste; hence this aspect was also explored in the
present study. Only 46.2% (Figure 4(c)) of the
respondents expressed awareness of the notion of e-
waste management, suggesting that adoption of this
concept among HEIs in South-Central Mindanao is
flimsy. Lundgren (2012) remarked that public
awareness about e-waste management is generally
low, with cognizance of the hazardous nature of e-
waste and the crude waste management methods in
developing nations as the weakest facets. Rautela et
al. (2021) noted that setbacks in e-waste management
are attributed to various factors including lack of
technical skills, weak financial support, shortage of
infrastructure and facilities, and poor community
engagement.

HEIs’ low level of awareness about e-waste
management is further reflected by their low
engagement in activities relevant to this concept
(Figure 4(d)). Most of the surveyed learning
institutions do not spearhead endeavours related to the
disposal and processing of e-waste. As deduced from
the survey, volunteer activities, recycling events and
e-waste collection drives are mostly conducted by
private tertiary schools, hence, HEIs in South Central
Mindanao have generally low participation in e-waste
management initiatives.
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m Selling
Converting to Art
m Donating to civic organization /schools
u Dismantling
Sorting
u Disposing toTrash

Figure 4. (a) Management practices for functional and nonworking items, (b) solid waste disposal practices of HEIs, (c) HEIs sponsored
activities relating to e-waste management, and (d) awareness about e-waste management among HEIs
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Figure 4. (a) Management practices for functional and nonworking items, (b) solid waste disposal practices of HEIs, (c) HEIs sponsored
activities relating to e-waste management, and (d) awareness about e-waste management among HEIs (cont.)

HEI representatives were also asked about their
perception of e-waste as a problem. Whilst the
perceived intensity of the e-waste problem varied for
each respondent, e-waste is largely viewed as a
problem by HEIs in South Central Mindanao, with
38.5% considering it as an extremely serious dilemma
(Figure 5). Despite their high level of cognizance of
the challenges associated with e-waste, all surveyed
HEIs do not have comprehensive e-waste management
rules and regulations. Moreover, discussion about
e-waste management is not integrated into their
regular operations. Collaboration and partnership with
other stakeholders/sectors do not exist. As deduced
from the KII, only 7.7% of the HEIs indicated that
they work in partnership with their respective
Local Government Unit- Municipal Environmental
and Natural Resources Office (LGU-MENRO). E-
waste has been considered an escalating concern due
to its environmental and human health problems
(Raghupathy et al., 2010; Rautela et al., 2021).
Considering its impacts, proper administration of
generated e-waste must be incorporated into the
management plan of HEIs and other concerned
agencies.

3.3 E-waste management framework of HEIs in
South Central Mindanao

Following our findings, a framework showing
the e-waste management of learning institutions in
South Central Mindanao was developed (Figure 6). It
also shows that HEISs’ sources of electronic devices are
brand new with the annual number of purchases made
and the budget allotted for ICT equipment and
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electronic devices. Because of the life span of the
acquired items and management processes, it
compounded the number of discarded electronic and
electrical devices, thus HEIs necessitate in managing
e-waste. The management alternatives for both
functional but outdated devices and non-working
items are namely: storing, donating, selling, recycling,
dismantling, and disposing of landfills. The most
common practices for e-waste disposal in HEIs are
storing and dismantling/stripping usable assemblies or
components. HEIs have no other options but to store
discarded electronic and electrical devices due to audit
procedures, including lack of awareness, facilities,
guidelines, priorities, and non-existent e-waste
management. Also, recycling, donating, and selling
were influenced by audit procedures and warranty,
thus discarded items were stored for some time.

Figure 5. HEIs’ perception of e-waste as a problem
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Figure 6. E-waste management framework of HEIs in South Central Mindanao

3.4 Recommendations

The Department of Environmental and Natural
Resources (DENR) categorized e-wastes as a new
class of miscellaneous waste through Administrative
Order No. 2013-22, yet a comprehensive legal
framework and mechanism for e-waste are non-
existent in universities and colleges. The government
should revisit the audit procedure and resolutions to
address the compounded e-waste product in the
storage area of HEIls. Formulating appropriate
legislation and laws that need to be implemented by
the government HEIs based on scientific evidence. It
is important to provide recycling facilities for e-waste
and technical support and capacity-building programs
to the recyclers. There must be personnel assigned to
this area to closely monitor the volume of e-waste
generated in the schools. Annual inventory of
equipment issued among faculty and personnel must
be incorporated into the e-waste management plan.

Because of the low level of awareness among
HEIs regarding e-waste and the adverse effect on
human health and the environment, dissemination and
information should be done. Also, include in the
awareness program the disposal and accredited e-
waste TSD facilities. Part of the awareness activities is
to conduct recycling events and e-waste collection
drives. The HEIs should provide repair services to
salvage some damaged electronics devices to reduce
stored e-waste products, ensure after-sale services of
the supplier and encourage extended producer
responsibility (EPR). When the life span of equipment
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has reached end-of-life and becomes non-functional,
the supplier will collect and be responsible for
disposing of their product. The HEIs should formulate
policy and guidelines on e-waste management because
the majority of HEIls are highly reliant on ICT
equipment and electronic devices. Furthermore, every
HEI should give utmost priority to e-waste disposal.

4. CONCLUSION

The present study has evaluated the e-waste
management in higher learning institutions of South-
Central Mindanao, Philippines and substantial
findings were obtained from the current work.
Although only 13 out of 30 HEIs responded, the
sample consisted of a mix of private and public
universities/colleges, small and large populations, and
proximity to major municipalities. Also, the large
number of repeated responses across the sampled
universities/colleges suggests that a similar situation
holds in other universities. The sizeable contribution
of educational institutions in generating e-waste has
been documented and attributed to various reasons
including increasing demand for more advances,
innovative designs and features, impairment of
devices and rapid obsolescence rate of electronic
products. Remarkably, the adoption of recycling,
deemed as the most efficient management alternative,
is ineffective. The major setback affecting e-waste
management in HEIs may be associated with the
administrative aspect-public schools that are not able
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to implement other disposal options such as donating,
selling, and recycling due to audit procedures and
regulations. The solid waste disposal of HEIs is also
flimsy, with most of the generated wastes ending up in
the landfill. Being the foundation of education and
development, institutional policy on handling e-waste
should be integrated into the management plan of all
universities, colleges, and other concerned agencies.
Furthermore, policymakers can also make a better
strategy on how to mainstream the increasing e-waste
management problems based on the baseline
information provided in this study.
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