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aquatic ecosystems that contributes to water colour, affects light penetration, and impacts pri-
mary production. This study aims to determine the spatial and monsoonal variability of CDOM
absorption properties in the Likas estuary, characterise the source of CDOM, and investigate
the correlations between CDOM absorption properties and salinity. Likas estuary is a small es-
tuary located in Kota Kinabalu city on the west coast of Sabah, facing the South China Sea. A
mangrove ecosystem surrounds it with manufactured structures such as residential areas and
public facilities. Surface water samples were collected at 19 stations: upstream of rivers to the
river mouth and coastal area during spring tides every month, from June 2018 to July 2019, for
14-months. The distribution of acpom(440) in the study area is predictable as a signature in a
coastal area with a decreasing gradient from the upstream towards coastal water (0.29 + 0.19
m~" to 1.05 & 0.39 m~"). There are increasing spatial patterns of spectral slopes S;75.295 and
Sr. However, S350.400 and S3g0-600 declined spatial gradients from the upstream to coastal water.
Thus, S3p0-600 indicates a linear relationship between acpom(440), which unconventional results
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in coastal water. We suspect this is due to a small coverage of the study site with a distance of
0.5 m intervals of each station. This could be why the S3go.600 had constant values throughout
the study area (with no statistical difference between stations). In addition, Ss;g0.400 Was merely
varied in the stations located at the river mouth and coastal water. Based on the spectral slope
ratio (Sg), most of the stations located in the Darau, Inanam, and Bangka-Bangka rivers had Sg
values less than 1. Hence, CDOM in these stations is a terrestrial-dominated source. Therefore,
from our observations during the study period, monsoonal variation could alter the source of

CDOM in the study area.

© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Chromophoric Dissolved Organic Matter (CDOM) is a frag-
ment of Dissolved Organic Matter (DOM) with chromophores
molecules that absorb visible and ultra-violet (UV) light.
CDOM contributes to the colour of natural water, with water
with high CDOM concentration appearing brown as it absorbs
UV preferentially, then blue and green regions of the light
spectrum (Coble and Nelson, 2009; Kirk, 1994). The sources
of CDOM vary from being allochthonous to autochthonous.
The allochthonous sources are mainly from the decomposi-
tion of terrestrial vegetation and soil by rivers and wetlands
that carry decomposed terrestrial plants, sewage, and sedi-
ments or known as a terrestrial-dominated source of CDOM.
Whereas autochthonous results from in-situ biological ac-
tivity such as the production of aquatic primary producers,
namely phytoplankton and zooplankton (Bowen et al., 2017;
Brandao et al., 2018; Minu et al., 2020), which is associ-
ated with a marine-dominated source of CDOM. CDOM has
also been used as a natural tracer to study the dispersion,
transport, and mixing of water masses (Nelson et al., 2007;
Stedmon et al., 2010).

CDOM can act as a protective barrier in shielding biota
and coral reefs from damaging UV radiation in shallow
coastal areas due to its strong absorption of UV light.
However, the increasing supply of CDOM concentration by
rivers can affect underwater light availability, reducing the
photic depth and causing light limitation for phytoplank-
ton, impacting primary production and surface ocean heat-
ing by altering the energy and heat budget of coastal wa-
ters (Granskog et al., 2007; Gueguen et al., 2005; Nelson
et al., 1998). The optical properties of CDOM that can pro-
vide information on DOM and DOC are useful for quantifying
carbon transport and continuous monitoring of wastewater
discharge (Ferrari, 2000; Shanmugam et al., 2016).

The spectral shape of CDOM can also be used to help sep-
arate the absorption of phytoplankton, detritus, and miner-
als and provide insights into CDOM composition (Grunert et
al., 2018). CDOM plays an essential role in assessing water
quality and biogeochemical cycling (Andrew et al., 2013;
Hickman et al., 2010; Kim et al., 2016). The spectral char-
acteristics of CDOM absorption provide valuable insights into
the composition and origins of CDOM and allow retrievals of
CDOM in coastal and estuarine waters from ocean colour re-
mote sensing (Grunert et al., 2018; Menon et al., 2011). The
spectral slope parameter (S) of CDOM describes the spectral
dependence of the CDOM absorption coefficient with wave-
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length and can provide information on the source of CDOM
and its susceptibility to biological and photochemical pro-
cesses (Blough and Del Vecchio, 2002; Osburn and Stedmon,
2011; Stedmon and Markager, 2001). The S value has also
been related to the molecular weight and aromaticity of
DOM (Blough and Green, 1995; Helms et al., 2008). For in-
stance, the spectral slope between 275—295 nm (Ssz75.295) is
a good indicator of the different CDOM pools, marine and
terrestrial (Grunert et al., 2018; Helms et al.,2008; Nima et
al., 2019; Stedmon and Markager, 2001). The slope ratio (SR)
of S;75_295 and Ssso_s500 (subscript reflects the wavelength
range in nm) have also been shown to be useful for charac-
terising CDOM in natural waters, with lower relative values
indicative of DOM of higher molecular weight, greater aro-
maticity and increasing vascular plant inputs (Helms et al.,
2008; Osburn et al., 2012; Spencer et al., 2010a).

The Darau River is a part of the Likas estuary. It is
bounded by a large stretch of mangrove forest distributed
from upstream towards the river mouth, with a few res-
idential areas. The coastal and river mouth receives ter-
restrial input from three rivers: the Darau River, Bangka-
Bangka River, and Inanam River. In addition, there is a wide
range in salinity in the study area, resulting from the mix-
ing of inflowing coastal water with outflowing freshwater.
Due to these particular conditions, it is hypothesised that
the CDOM pool may have different origins and compositions
in the study area. The aims of this study are to 1) deter-
mine, for the first time, the spatial variability of CDOM ab-
sorption and spectral composition to help characterise its
source; and 2) investigate correlations between CDOM ab-
sorption properties, spectral slopes, and salinity in the study
region. Results will provide better insights into the dynam-
ics of CDOM in the region and for the future development of
regional remote-sensing algorithms of water colour.

2. Methodology
2.1. Study area and plan of sampling

The study was conducted in the Likas estuary, Kota Kin-
abalu, which is located on the west coast of Sabah and
faces the South China Sea. The Likas Estuary is a small estu-
ary surrounded by urban development influenced by mixed-
tidal action. It receives water input from several connected
rivers, such as the Darau River, Inanam River, and Bangka-
Bangka River. The study area stretched about 2 km to 5 km
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Figure 1 The map of Darau river with 19 sampling points
(black dots) that distributed from upstream of Darau river to-
wards the coastal area of Likas estuary, Kota Kinabalu, Sabah.

in length, which measured from the river mouth towards
the upstream Darau River, Bangka-Bangka River, and Inanam
River. The study area is bounded by natural features such
as a single large stretch of mangrove forest and manufac-
tured structures, such as fisherman villages and develop-
ments. Another aspect is the variability in surface salinity
exhibited in this region (from 0.13 ppt to 31.83 ppt) due to
substantial freshwater input.

The climate in Kota Kinabalu is hot and humid, having an
equatorial climate with consistent temperatures through-
out the year, influenced by monsoon circulation. The North-
east monsoon (NEM) is driven by northeasterly winds and
brings cool temperatures and less rainfall between Novem-
ber and March. The Southwest monsoon (SWM) is driven
by southwesterly winds and brings warm temperatures but
more rainfall between May and September. These two dis-
tinct monsoon seasons are separated by shorter two inter-
monsoon periods that take place from April to May (summer
inter-monsoon) and from September to October (fall inter-
monsoon) (Teong et al., 2017). The tropical climate influ-
ences changes in the physicochemical conditions in tropi-
cal estuaries, such as rainfall, humidity, solar radiation, air
temperature, and wind direction (Teong et al., 2017).

The sampling was carried out on a monthly basis start-
ing from June 2018 until July 2019. There were 19 sampling
points that were located from the upper stream of rivers
towards the river mouth and coastal area of Likas estuary.
The sampling was carried out in the daytime during spring
tide. The surface water samples were collected for further
laboratory analyses (Figure 1).

2.2. Determination of CDOM absorption coefficient
and spectral slopes

For precautions, the collected surface water for CDOM anal-
ysis was stored in amber bottles and kept refrigerated be-
fore analysis in the laboratory. Before absorption analysis,
water samples were filtered through a 0.2 um cellulose ni-
trate membrane filter. Pure water was used as a blank to
determine the CDOM absorbance of samples for wavelengths
between 220 nm to 750 nm at 1 nm intervals using a UV-Vis
DR 500 Hach spectrophotometer with a 10 cm quartz cu-
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vette. CDOM absorbance was assumed to be zero for wave-
lengths above 700 nm. Therefore, the average CDOM ab-
sorbance for the interval between 700 nm to 750 nm was
subtracted from the spectrum to correct for offsets due
to instrument baseline drift, temperature and scattering
effects (Green and Blough, 1994). The absorbance values
were transformed into the absorption coefficient according
to Helms et al. (2008), where the CDOM absorption coeffi-
cient, acpom(2) in m~" was calculated according to

acoom(A) =2.303*Ocpom(1)/ L, (1)
where | is the path length of the optical cell in meters,
acoom(r) is the absorption coefficient of CDOM at a given
wavelength, and Ocpom (1) is the absorbance at a given wave-
length, from 300 nm to 600 nm. In this study, the CDOM
absorption coefficient at a single wavelength of 440 nm
(acpom(440)) is used to describe the changes in CDOM quan-
tity and to examine the spatial variability of CDOM within
the studies area. The magnitudes of CDOM were measured
by the absorption coefficient of CDOM, acpow(440). The ab-
sorption coefficient at 440 nm is chosen because it is the
midpoint of the blue waveband peak that is related to the
photosynthetic action spectrum of most classes of algae. It
is also a wavelength measured by many ocean-colour satel-
lites.

The CDOM spectral slope was determined by fitting the
absorption coefficients to a single-exponential non-linear
curve, to the wavelengths from 300 nm to 600 nm, using
the equation of Bricaud et al. (1981), such that

acoom(*)= acoom(Ar) exp (=Scoom [A— Ar]), (2)
where Scpon is the spectral slope of acpom and A, is the ref-
erence wavelength at 440 nm. CDOM spectral characteris-
tics and its spectral slope are typically indicative of the
chemical composition of CDOM (Helms et al., 2008; Stedmon
and Markager, 2001). The spectral slopes for intervals of
275—295 nm (5275.295) and 350—-500 nm (5350.500) were cal-
culated by fitting the log-transformed CDOM absorption co-
efficient to linear regression. Higher slopes indicate a more
rapid decrease in CDOM absorption with increasing wave-
length. The slope ratio (Sg) between S;75.295 and S3s0.500 Was
also calculated. These wavelengths were chosen to help de-
termine the composition and source of CDOM in the study
area.

2.3. Statistical analysis

The statistical analysis was carried out using IBM SPSS Statis-
tics 25 software. The normality of the dataset was checked
by using the Shapiro-Wilk (SW) test to determine if the re-
sponse variable of each group of data had a normal distri-
bution. Based on the distribution pattern of each variable,
one-way ANOVA (for a normal distribution) or the Kruskal-
Wallis test (for non-normal distributions) were used to test
for significant differences among study areas and between
monsoons. The correlation coefficient (r) was determined
from the regression analysis to study the relationship be-
tween CDOM, optical properties, and salinity.
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Figure 2 The temporal and monsoonal mean of acpom(440)
at each station during 14-month observation in the study area.
Error bars in Figure 2a indicated standard deviation of the 14-
month observation means.

3. Results
3.1. Spatio-temporal variations of acpom(440)

The temporal mean acpom(440) varied between 0.29+0.19
m~' (station 17) at coastal water and 1.05 + 0.39 m~" (Sta-
tion 2) upstream of Darau, as plotted in Figure 2a. There was
an apparent spatial gradient of acpom(440) in the study area
that was relatively higher upstream (Station 1, 2, 8, and 12)
compared to the station in the coastal area (Station 17, 18,
and 19). The spatial distribution of acpom(440) showed sta-
tistically significant differences between sampling points (p
< 0.05), where the acpom(440) decreased from the river to
the coastal area (p < 0.05).

The monsoonal mean of acpom(440) was relatively low and
had a decreasing pattern from the upstream to the coastal
water during SWM with the range of 0.23 m~' (Station 17)
and 0.99 m~' (Station 1) (Figure 2b). SIM, on the other
hand, had a greater acpom(440), which fluctuated between
0.49 m~" (Station 19 — coastal area) and 2.24 m~' (Sta-
tion 6 — Darau), with the value of acpom(440) nearly twice in
SWM (Figure 2b). The monsoonal distribution of acpom(440)
showed statistically significant differences between mon-
soons (p < 0.05).
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Figure 3 Mean CDOM absorption spectra obtained by averag-
ing over absorption coefficient from 300—600 nm and fitted to
non-linear exponential decay function for a) Spatial distribution
at 19 sampling stations and b) the monsoonal distribution dur-
ing Southwest monsoon (SWM), FIM (Fall-Intermonsoon), North-
east Monsoon (NEM) and Summer Intermonsoon (SIM) during the
study period.

3.2. CDOM absorption spectra

The CDOM absorption coefficient showed a decreasing trend
in response to spatial and monsoonal variations (Figure 3).
Figure 3 illustrates the mean absorption spectra of CDOM at
all stations (Figure 3a) and the slope of monsoonal variations
in the study area (Figure 3b). The spatial-spectral slope was
higher at Station 1, located upstream of the Darau River
(5=0.015 nm~"), whereas the lowest spectral slope was
found at station 17 in the coastal water (5=0.011 nm~"),
as plotted in Figure 3a.

For monsoonal trend, SIM monsoon attributed lower
spectral slope with 14 wm~', primarily bigger CDOM ab-
sorption coefficient at 300 to 350 nm than other observed
monsoons (Figure 3b). In contrast, an identical slope with
small difference was observed during SWM (S=0.016 nm~"),
FIM (5=0.015 nm~") and NEM (5=0.015 nm~") monsoons
(Figure 3b).

3.3. Spectral slope S;75.295, S350-500, @and Sg of
absorption properties

The spatial means of CDOM spectral slope from 275 to 295
nm (S;75.205) had smaller differences between stations, rang-
ing from 0.015 & 0.002 nm~" (Station 1, upstream Darau
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River) to 0.019 & 0.010 nm~" (Station 17, coastal water), as
illustrated in Figure 4a. However, when compared to other
stations, Station 7 (Darau) and Station 13 (Inanam) showed
a substantial standard deviation of 0.019 + 0.010 nm~" and
0.017 £ 0.005 nm~" (Figure 4a) compared to other stations.
Nevertheless, the spatial distribution of S;75.,95 showed sig-
nificant differences where S;75.,95 increased from the river
to the coastal area (p<0.05). The monsoonal means of
S,75.295 peaked at Station 7 (Darau) during SWM (0.023 nm~")
and Station 11 (Bangka) during SIM (0.024 nm~"), as shown
in Figure 4b. The monsoonal range of S;7s.,95 indicated rel-
atively higher were coastal area with the ranges of 0.014
nm~' to 0.023 nm~' (SWM), 0.015 nm~' to 0.018 nm~'
(NEM), 0.015 nm~" to 0.020 nm~' (FIM) and 0.015 nm™'
to 0.024 nm~" (SIM) (Figure 4b). No significant differences
were observed in the distribution of S;75.,95 between mon-
soons (p > 0.05).

As shown in Figure 4c, the spectral slope from 350 to 400
nm (S3s0-400) displayed a fluctuating pattern with a range of
0.015 4 0.003 nm~" (coastal water station) to 0.019 4 0.002
nm~" (upstream) as shown in Figure 4c. Ssso.400 Of Darau,
and Inanam rivers showed a declining pattern, ranging from
0.017 £ 0.002 nm~" to 0.016 £ 0.002 nm~"' and 0.019 +
0.002 nm~" to 0.017 & 0.002 nm~", respectively (Figure 4c).
Bangka stations reported a fluctuation in the value of
S350.400, ranging from 0.016 + 0.003 nm~" to 0.018 & 0.002
nm~". S350.400 values between 0.015 + 0.005 nm~" and 0.017
+ 0.003 nm~' reveal a declining pattern in river mouth
and coastal water (Figure 4c). The spatial distribution of
S3s0-400 Showed statistically opposite pattern from S;7s.295
where the S3s0.490 decreased from rivers to the coastal area
(p < 0.05).

During the SIM, the monsoonal means of Sssg.400 fluctu-
ated, especially from Station 1 to Station 7 (Darau), as
shown in Figure 4d. During FIM, a sharp drop in the S350-
500 value (0.006 nm~") was seen at Station 17, which is lo-
cated near the coast (Figure 4d). The Sss0.4090 Of monsoonal
variations during the study period were 0.016 nm~" to 0.019
nm-" (SWM), 0.015 nm~" to 0.018 nm~" (NEM), 0.006 nm~"
to 0.019 nm~" (FIM), and 0.010 nm~" to 0.020 nm~" (SIM)
(Figure 4d). In general, the monsoonal distribution of S3so.400
showed statistically significant differences between mon-
soons (p < 0.05).

Figure 4e displays the spatial mean of Ssgp00 at the Da-
rau, Inanam, and Bangka stations, which showed a consis-
tent trend ranging from 0.014 £+ 0.002 nm~' to 0.016 +
0.004 nm~". S3p0.600 Value drops from the river mouth (Sta-
tion 15 and 16) to coastal area stations (Station 17, 18,
and 19), with a range of 0.012 4+ 0.003 nm~' to 0.013 +
0.004 nm~" (Figure 4e). However, the Ssg.¢00 did not show
any significant pattern between sampling points during the
14-months of the study period (p > 0.05). As shown in
Figure 4f, the monsoonal pattern of Ss3p.¢00 revealed an up
and down trend in SIM at Darau stations with the value of
0.007 nm~" (Station 4) and 0.017 nm~" (Station 3). There
were very slight monsoonal changes in S3go.¢00, ranging from
0.012 to 0.015 (SWM), 0.012 to 0.018 (NEM), and 0.009 to
0.015 (FIM) (Figure 4f). Statistically, the monsoonal distribu-
tion of S3p0.600 Showed significant differences between mon-
soons throughout the study period (p < 0.05).

The spatial means and their standard deviations of spec-
tral ratio (Sg) peaked at Station 7 (Darau) and Station 17
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(coastal water) with values of 1.22 4+ 0.61 and 1.40 + 0.68,
respectively, as plotted in Figure 4g. Furthermore, an in-
creased pattern of Sy values at the Darau stations (0.86 +
0.13 to 1.22 + 0.61) and Inanam River (0.81 £+ 0.16 to 1.01
+ 0.45) was recorded during the study period (Figure 4g). In
contrast, Station 17, 18, and 19 located at the coastal water
indicated a declining slope with 1.60 & 0.48 to 1.13 + 0.31
(Figure 4g). The spatial distribution of Sz showed statisti-
cally significant differences between sampling points during
the study period (p < 0.05).

Overall, the monsoonal distribution of SR showed statis-
tically significant differences between monsoons (p < 0.05).
In FIM, the most significant monsoonal mean of Sg was ob-
served at Station 17, located near the coast, with a value
of 3.46, as shown in Figure 4h. Sg readings ranged from 0.81
to 1.51 in Darau stations during SIM and from 0.70 to 1.29
in Bangka stations (Figure 4h). The monsoonal mean of Sg
during NEM and SWM at the study area, on the other hand,
had a constant trend, ranging from 0.79 (Station 1) to 1.44
(Station 7) at Darau Station and 0.81 (Station 12 at Inanam
River) to 1.34 (Station 19 at the coastal water) respectively
(Figure 4h).

3.4. Relationship between salinity with
acpom(440), S275-295, S350-400, and Sg

The regression analysis between acpow(440) and salinity
during 14-month observation in the study period showed
a weak negative relationship with R-value of —0.322
(p=0.000, n=254) as illustrated in Figure 5a. Therefore,
the inter-seasonal monsoon attributed the highest correla-
tion between acpowm(440) and salinity with R-value of —0.73
(p=0.000, n=31) during FIM, —0.59 (p=0.000, n=137) in
SIM monsoon (Figure 5a). A moderate correlation between
S275-295 and salinity with R-value of 0.55 (p=0.00, n=252)
as plotted in Figure 5b. The monsoonal trends of S;75.295 and
salinity correlation showed more a less the same in observed
monsoons with R-value of 0.60 (p=0.00, n=30) (FIM), 0.51
(p=0.00, n=71) (NEM), and 0.44 (p=0.006, n= 37) (SIM).
However, S;75.295 and salinity correlation during SWM was
relatively higher compared to another observed monsoon
with R-value of 0.66(p=0.00, n=111) (Figure 5b).

There is a low inverse correlation between Sssg.490 and
salinity with R-value of 0.33 (p=0.00, n=254) during
14-month observation in the study period as shown in
Figure 5c. The lowest correlation between Ss3s0.400 and salin-
ity was in NEM monsoon (R-value=—-0.11, p=0.36, n=71),
while R-value of Ssso.400 and salinity is relatively larger (r=—
0.48, p=0.005, n=31) in FIM monsoon (Figure 5c). The re-
lationship between the ratio of spectra slope (SR) and salin-
ity indicate a lenient correlation at the study area with R-
value of 0.53 (p=0.00, n=253) based on the 14-month ob-
servation (Figure 5d). Moreover, SWM depicts a relatively
good correlation with R-value of 0.67 (p=0.000, n=111)
(Figure 5d). On the other hand, r- value of 0.39 (p=0.001,
n=71) was recorded in NEM monsoon, which the lowest
magnitude compared to other observed monsoons (Figure
5d). As for the Ssp0.600, NO significant correlations were ob-
served throughout the 14-month observation and during
each monsoon.
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3.5. Relationship between S;75.295, S350-440, and Sg
with acDOM(440)

A moderate correlation between S;75.295 and acpow(440) was
observed in the study area based on the 14-month obser-
vation with R-value of —0.57 ((p=0.000, n=252) as illus-
trated in Figure 6a. For the monsoonal pattern of rela-
tiOﬂSh'ip of 5275.295 and aCDOM(440), SWM, FIM and NEM de-
pict a relatively strong correlation with R-values of —0.65
(p=0.000, n=111), —0.67 (p=0.000, n=30) and —0.70
(p=0.000, n=71) respectively (Figure 6a). A lenient S;75.295
and acpow(440) correlations were recorded during SIM with
R-values of 0.37 (p=0.023, n=37) (Figure 6a). There is
a very weak relationship between Ssso.400 and acpom(440)
in this study as indicated by the small R-value of 0.05
(p=0.456, n=254), which is plotted in Figure 6b. Of all
observed monsoons were reported smaller R-values; SWM
(0.11, p=0.244, n=112), NEM (0.19, p=0.113, n=71),
and SIM (0.11, p=0.532, n=37), FIM monsoon attributed a
relatively larger R-value (0.33, p=0.068, n=31) compared
to other monsoons (Figure 6b). The R-value of regression
correlation between Sg and acpom(440) in the study area
is —0.30 (p=0.000, n= 253) as shown in Figure 6c. There
are two monsoonal patterns of Sz and acpom(440) during the
study period, where NEM (—0.56, p=0.000, n=71) and FIM
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(—0.50, p=0.004, n=31) monsoon a moderate correlation
(Figure 6c). Meanwhile, SWM and SIM monsoon attributed
a weak relationship between Sg and acpow(440) with R-value
of (—0.35, p=0.000, n=112) and (—0.27, p=0.103, n=37)
respectively (Figure 6c).

4. Discussion
4.1. Dynamics of acpom(440)

The spatial mean acpom(440) in the study area, ranging from
0.29 + 0.19 m~' to 1.05 + 0.39 m~" indicated a decreas-
ing pattern towards the coastal water. The spatial declin-
ing trends of acpow(440) in the study area are predictable
as a signature of CDOM distribution in coastal waters. Sev-
eral studies recorded a spatial gradient of acpom(440) in
coastal waters with a range of 2.5 to 7.6 m~' in the man-
grove area in the Indian Suburbans (Sanyal et al., 2020). The
acpom(440) of 0.063 to 0.35 m~" was recorded worldwide in
the natural water bodies (Nima et al., 2019). In addition,
acpom(440) of 0.35 m~' to >50 m~' at peatland-draining
rivers and coastal waters of Sarawak, Borneo (Martin et al.,
2018). The acpom(440) at the continental shelf of the north-
ern Bay of Bengal ranged from 0.1002 m~" and 0.6631 m™"
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(Das et al., 2017); and 0.66 to 3.82 m~" at microtidal estu-
ary in south western Australia (Kostoglidis et al., 2005).
Higher acpom(440) upstream in the study area might be
associated with a strong influence of terrestrial organic
matter and humic substances carried by freshwater input
(aligned with the lowest salinity). Many studies have shown
that terrigenous DOM is the primary source of natural CDOM
in coastal and nearshore areas, where freshwater runoff
mixes with seawater (Coble, 2007; Granskog et al., 2007;
Liet al., 2014; Stedmon et al., 2011). In addition, as a man-
grove area fringes the study area, the possible source of
higher CDOM concentration upstream was likely mangrove
influenced water flushing organic matter from the decom-
position of mangrove forests. Several studies have revealed
that mangrove leaf litter can produce CDOM more rapidly
than other local indigenous CDOM sources (Das et al., 2017;
Sanyal et al., 2020; Shank and Evans, 2011). The decreasing
pattern of acpom(440) from the upstream to coastal areas in
the study area could be attributed to several possible fac-
tors, such as (i) the mixing of CDOM-rich riverine water with
CDOM-poor coastal water (del Vecchio and Blough, 2004;
Gonsior et al., 2008), (ii) enhancing the photodegradation
of chromophores present in riverine CDOM after they reach
the coastal regions (Blough and del Vecchio, 2002; del Vec-
chio and Blough, 2004; Osburn et al., 2009), (iii) microbial
degradation of the autochthonous fraction that is the cen-
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tral part of CDOM in marine waters (Boyd and Osburn, 2004;
Broman et al., 2019; Winter et al., 2007), as well as (iv) floc-
culation and precipitation of riverine CDOM due to increased
salinity (Blough et al., 1993; Guo et al.,2007; Sholkovitz,
1976).

The monsoonal variations of acpon(440) were relatively
higher during the SIM (April 2019) and FIM (October 2018)
monsoons with varied from 0.49 to 2.24 m~' and 0.15 to
1.61 m~", respectively. However, the former indicated a
fluctuated pattern in Darau the stations. Higher acpom(440)
during the inter-seasonal monsoons (SIM and FIM) may be
attributable to the fact that east coast Malaysian water
is well-mixed, with water temperature distributed evenly
throughout the water body (Mohd-Akhir et al., 2014). On
the other hand, the current circulation may impact it by
allowing stratification or stimulating mixing during inter-
seasonal monsoon (Mohd-Akhir et al., 2014). In the conti-
nental shelf of the northern Bay of Bengal, seasonal mean
acoom(440) showed a significant difference in magnitudes
during the three seasons, with lower values of 0.1200 to
0.0327 m~" during the pre-monsoon (February to May), in-
creasing to 0.3064 0.1595 m~" during the monsoon season
(June to September), and 0.1621 to 0.0790 m~" during the
post-monsoon (October to January) (Das et al., 2017). Li et
al. (2017) also found a seasonal variability of acpom(400),
higher in Yinma River, China. The temporal variability is due



Oceanologia 64 (2022) 583—594

to strong riverine influence during specific monsoon or sea-
son (Das et al., 2016, Li et al., 2017).

4.2. Spatio-temporal trends of spectral slopes

There was a slight spatial variation of spectral slope of
S.75295 between stations during the study period ranging
from 0.015 to 0.019 nm~" in the study area. S;75.295 Showed
an increment of 0.004 nm~" from the upstream of Darau
River, located 5.1 km from the river mouth (station 16). The
monsoon patterns of S;75.295 indicated relatively higher spa-
tial variability during SWM (June to September 2018, June
to July 2019) and SIM (April 2019) monsoon with an incre-
ment of 0.009 nm~'. In contrast, NEM (November 2018 to
March 2019) indicated a smaller spatial gradient of S;75.295
with an increment of 0.003 nm~". In other studies, in peat-
land draining rivers and coastal waters of Sarawak, Borneo,
S;75-205 values ranged from 0.0102 to 0.0144 nm~" (Martin et
al., 2018), which was a little lower compared to the study
area. However, there was no clear seasonality of S;75.295 in
peatland draining rivers and coastal waters of Sarawak, Bor-
neo. The distance of observed rivers ranged between 15
to 550 km (Martin et al., 2018), in contrast with the mon-
soonal variability in the study area. In a river and mangrove-
dominated estuaries in Indian Sundarbans, a slight spatial
difference of S,75.295 was recorded with 0.002 to 0.007 nm~’
(Sanyal et al., 2020), which is lower compared to this study.
The spatial difference of S;75.295 in this study compared to
Sanyal et al. (2020) is due to the morphology of the es-
tuary in Indian Sundarbans, which have a wider inlet than
the study area. While the S;75.,95 varies with 0.0130 nm™"
to 0.0361 nm~" were recorded from the Elizabeth River to-
wards Chesapeake Bay estuary with increasing spatial gra-
dient, as it receives substantial input of CDOM-rich water
from the Great Dismal Swamp canal system (Helms et al.,
2008).

The small range of spatial distribution of S3s0.400 in the
study area was 0.015 nm~" t0 0.019 nm~", with higher at the
upstream and lower at the coastal water of the study area.
The monsoonal pattern indicated that inter-seasonal mon-
soon had more considerable spatial differences with 0.010
nm~"and 0.013 nm~" during FIM and SIM. These values were
about three and four times the increment of Sssp.400 during
SWM and NEM monsoon, which had 0.003 of S3s0.490 declin-
ing pattern from the upstream to coastal water. In another
study, a small variability of Ssso.400 Was found in the Eliza-
beth River towards Chesapeake Bay estuary with 0.0104 to
0.0187 (Helms et al., 2008), which is also within the range
of this study area. The shallower slope of Ssso.400 is proba-
bly due to a decrease in molecular weight, which diminishes
the potential for intramolecular charge transfer interaction
(Helms et al., 2008).

A decreased pattern spatial variation of S;pp.¢00 With a
range of 0.012 to 0.016 nm~' was observed apparently at
the river mouth towards coastal water in the study area.
The other stations were mainly recorded with a consistent
mean Ssigo.¢00 With 0.014 nm~'. Similar to the monsoonal
trend of Ssso.400 in the study area, Ssgo.600 had a relatively
more significant spatial variation during the inter-seasonal
monsoons: SIM (0.007 to 0.017 nm~"), and FIM (0.009 to
0.015 nm~") with 0.010 nm~" and 0.09 nm~" spatial differ-
ences, respectively. Whilst, the spatial variations of Ssgo-¢00
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were lower during SWM, with a gap of 0.003 and 0.006 in
the NEM monsoon. In the Arctic Ocean, Ssgo.¢00 Varies be-
tween 0.008 nm~"' and 0.047 nm~'. Still, in the Eurasian
part of the Arctic Ocean and the Greenland Sea, the val-
ues are lower, 0.015—-0.021 nm~"' (Stedmon et al., 2011)
and 0.016—0.020 nm~" (Stedmon and Markager, 2001), re-
spectively. Moreover, the S;g0-600 in the Eurasian part of the
Arctic Ocean and the Greenland Sea is within the range
with corresponding values for our study area. Past studies
have shown strong relationships between aCDOM and SCDOM
along transects from lower salinity coastal waters to higher
salinity offshore waters, where the range in aCDOM(2) typi-
cally varies by orders of magnitude (Kowalczuk et al., 2006;
Pavlov et al., 2016; Stedmon and Markager, 2005), which
was a contrast with the values in our study area. However,
the value of S3p.600 (SCDOM) in our study area was in agree-
ment with a study in the Arctic Ocean that found that CDOM
absorption and SCDOM do not relate well between marine
and terrestrially derived CDOM pools (Granskog, 2012). In
addition, a study by Astoreca et al. (2009) found S increases
with increasing salinity and decreasing aCDOM as a result
of the alteration of terrestrial CDOM (Blough and Del Vec-
chio, 2002 and references therein, S: 0.018—0.030 nm~" for
salinities 30—35).

The spatial patterns of Sg and S;75.295 in the study area
had an identical trend, higher in the coastal water and low-
ered numbers upstream. The spatial range of S3pp.00 Was
0.81 to 1.40. The SIM and FIM, which are inter-seasonal
monsoons, showed higher values of Sg with monsoonal dif-
ferences of 2.68 and 0.81, respectively, compared to S3g-600
in SWM (0.65) and NEM (0.53) monsoons. The Sg values ob-
served upstream of the river mouth were typical of terres-
trially dominated samples (0.81), while the Si values ob-
served in coastal areas were specific to marine-dominated
samples (1.40). We observed an increasing trend in Sg from
upstream (terrestrial-dominated) to coastal areas (marine-
dominated) sources. Despite most of the stations that are
located in the Darau, Inanam, and Bangka-Bangka rivers had
Sg values that were less than 1. Hence, CDOM in these sta-
tions is a terrestrial-dominated source. On the other hand,
as the value of Sg is more than one at the river mouth
to coastal waters, it indicates that the CDOM is a marine-
dominated source. The increasing importance of Sg from
upstream toward the coastal area may indicate a compo-
sitional change in the DOM pool and a shift from high molec-
ular weight to low molecular weight (Helms et al., 2008;
Nima et al., 2019; Xie et al., 2012).

4.3. Relationship of acpom(440), spectral slopes
S275-295, S350-440, and Sg and salinity

In the study area, a higher value of acpon(440) corresponded
with lower values of salinity at upstream stations of the
river, which could be related to revealing that the higher
CDOM concentration of terrigenous origin contained chro-
mophores of larger molecular size and weight, linked to
lignin derivatives which can be explained by the abun-
dance of mangrove forests distributed along the river. The
acpom(440) variability showed a strong inverse correlation
with salinity, which indicated the conservative behaviour
of CDOM in the study area as observed in other estuarine
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systems (Blough and Del Vecchio, 2002; Bowers and Brett,
2008; Chen et al., 2007; Das et al., 2017; Del Vecchio and
Blough, 2004; Nima et al., 2019; Twardowski and Donaghay,
2001). A strong correlation between acpom(440) and salinity
during inter-seasonal monsoons probably can be due to the
strong riverine influence (Das et al., 2017; Li et al., 2017;
Nima et al., 2019) which could be associated with transition
monsoon in the study area.

There was a moderate correlation between spectral
slopes of S;75.295 and salinity, greater for the NEM mon-
soon (R-value =0.5, p=0.00, n=71) in the study area. The
trend of S;75.295 was inversely proportional to S3s.400 in the
study area, in which the former had an increasing pattern
from the upstream towards coastal water and vice versa
for the latter. Nevertheless, the correlation between Ssso.400
and salinity was relatively greater during the FIM monsoon
(r-value =0.48, p=0.005, n= 31). As Ss3s0.400 Was greater
than S;75.295 upstream of the river mouth, terrestrially dom-
inated CDOM prevails (Helms et al., 2008). In contrast, as
S275-295 Was greater than Ssso.500 in coastal stations, marine-
dominated CDOM prevails in coastal waters, composed of a
smaller molecular size and weight.

S300-600 Was relatively constant over the same salinity
range and acpom(440) in our study area. In addition, there
was no statistical difference in S3pg.¢00 test during the study
period due to the small coverage of the study area. As
a result, the relationship between S;3p.600 Versus salinity
and acpom(440) was not executed. Upstream to the river
mouth, Ssgo.s00 Values were constant (~0.014 nm~"), indi-
cating a continuous influence of terrestrial inputs to the re-
gion throughout the sampling period (Figure 4e). However,
S300-600 Values were more variable near the river mouth areas
and coastal areas in the study area, presumably due to dif-
ferent CDOM pools entering the system in these areas and
could be related to renewed high freshwater inflow after
rain (Stedmon et al., 2015).

The spatial distribution of S;75.295 and Sg are linear cor-
related in the study area. As a result, the relationship be-
tween Sg and salinity in response to monsoonal variability
is identical correlated to the greater degree during SWM (r-
value =0.66, p=0.000) for the former, and (r-value =0.67,
p=0.000) for the latter. Generally, Sz increases with salin-
ity and may be linked to photobleaching processes that
usually occur in coastal areas or on open seas (Granskog,
2012; Helms et al., 2008; Lei et al., 2019; Nima et al.,
2019). In high salinity regions, higher Sz values and low
acpom(440) values are indicative of photobleaching of de-
composed humic substances, which produced more low-
molecular-weight fractions as exposed to solar irradiance in
coastal areas (Helms et al., 2008; Nima et al., 2019). Pho-
todegradation of CDOM can shift the absorption spectrum
by breaking up large humic complexes and thus decreasing
the number and size of the low-energy chromophores as-
sociated with large humic complexes (Helms et al., 2008;
Nima et al., 2019).

The correlation between S;75.295 and acpom(440) in the
study area during the study period indicated a good rela-
tionship with an R-value of 0.51, which is stronger corre-
lated compared to other spectral wavelengths. This con-
dition agrees with Grunert et al. (2018), which also found
that S;75.295 is better correlated with acpow(440) than other
spectral wavelengths because of lignin or lignin derivatives.
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According to Helms et al. (2008), both S;75.29s and Sg were
inversely correlated to the molecular weight of CDOM. Both
S275-295, S350-400, and Sg showed a significant inverse relation-
ship with acpom(440) and salinity in the study, which agrees
with Nima et al. (2019) and Li et al. (2017).

5. Conclusions

Monsoonal variation of acpow(440) in the study area with
higher concentration was associated with a steeper slope
at 300 to 350 nm during inter-seasonal monsoon. S3gg-600 iN-
dicates a linear relationship between acpow(440), these un-
conventional results in coastal water might be due to the
limited coverage of the study site.

The upstream of the Likas estuary indicated terrestrial-
dominated sources of CDOM. However, the CDOM at the river
mouth to coastal water showed a marine-dominated source.
Therefore, our observations during the study period indicate
that the monsoonal variation could alter the source of CDOM
in the study area.
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