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Abstract. A water clarity study was conducted during the wet season in inner Ambon Bay (IAB), a fjord-like
basin isolated from outer Ambon Bay (OAB; the offshore open ocean) by a narrow-shallow sill. This
geomorphology is rare in Indonesia, and it has been exposed to increased freshet linked to recent rapid
deforestation. The main goals of this study were (i) to reveal how the IAB isolation determines the turbid
classification of the basin (categories ranging from low-turbid condition to ultra-high-turbid condition according
to scientific literature), based on the light attenuation coefficient (K,) and turbidity, and (ii) to assess how
significant light attenuation affects light limitation for primary producers in the basin such as phytoplankton
and seagrass based on the ratio of euphotic depth (Ze,) and surface mixed layer depth (Z,). This study also
predicted total suspended solids (TSS) using Ky. Oceanographic measurements (vertical turbidity profiling,
Secchi depth, surface light intensity) in IAB were undertaken during the wet season and subsequently indicated
that IAB was surprisingly classified as a moderate-turbid environment (based on Ky and TSS values) instead of
supposedly a high-turbid condition concerning the prevailing wet season with frequent freshet coupled with the
IAB isolation. Moreover, light attenuation in IAB during the wet season played a minimal role in limiting light
for primary producers due to the prevailing Z.,:Z»>1. The potential cause for the moderate-turbid status
coupled with high light availability in the isolated IAB was likely linked to rapid flushing in IAB that can quickly
flush suspended sediments out of the basin, hence preventing the establishment of high turbidity.
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Introduction. In the aquatic environment, water clarity is a key aspect of water quality since
water clarity is commonly used to indicate the level of suspended sediment, a ubiquitous water
pollutant that is widely known for harmful effects on the environment particularly on aquatic
organisms (Clark et al 1985; Effler 1988; Davies-Colley & Smith 2001). The impacts of
suspended sediment on aquatic organisms through the effects of suspended sediment on
water clarity are mainly via the light attenuation process by which the intensity of light
penetrating the water column reduces due to suspended sediment distributed within the water
column (Henley et al 2000). The adverse effects of light attenuation on aquatic organisms are
mainly twofold. Firstly, light attenuation by suspended sediment significantly affects the light
availability for aquatic primary producers (e.g. phytoplankton; seagrass) with low water clarity
due to significant light attenuation resulting in light limitation for primary producers (Kirk
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1994; Kelble et al 2005). The sediment-induced light attenuation also negatively affects the
trophic interactions in the aquatic system due to the reduced water clarity (Vogel & Beauchamp
1999; Nurminen & Horppila 2006; Lunt & Smee 2014; Reustle & Smee 2020). Besides the
ecological-related impacts, the reduced water clarity by suspended sediment greatly affects
the public’s perception of whether the aquatic environment is considered for recreation
activities (Effler 1988; Angradi et al 2018). Due to water clarity as a proxy to gauge suspended
sediment pollution, water clarity monitoring has been conducted in many countries to
continuously assess the water quality status of their water bodies, e.g., in Australia regarding
dredging and coastal mining (Mulhearn 1993) in the US such as in the Gulf of Mexico estuaries
receiving massive river runoff from the mainland (Smith et al 2006) and in Chesapeake Bay
(Turner et al 2021); in lakes (Bai et al 2020) and coastal oceans (Lu et al 2024) in China; and
Europe such as in Baltic Sea (Kahru et al 2022) and English Channel (Vantrepotte et al 2012;
Capuzzo et al 2015).

Practically, the degree of light attenuation, represented by the light attenuation
coefficient (Kg; unit: m™t), can be used to indicate the level of suspended sediment pollution
within the categories of low-to-high turbid conditions, indicating the related low to high level
of suspended sediment pollution. For low-turbid condition, the light attenuation coefficient has
an interval of Ks < 0.107 m™! while for moderate-turbid condition, the interval is 0.107 m™ <
Kas < 0.593 m'! (Shen et al 2010; Shen et al 2013; Sokoletsky & Shen 2013). The aquatic
systems classified as high-turbid and ultra-high turbid conditions have the respective ranges
of Kqg of 0.593 < Kq < 4.113 mtand Ko >4.113 m' (Shen et al 2010; Shen et al 2013;
Sokoletsky & Shen 2013).

Several factors are driving low water clarity linked to suspended sediment in the aquatic
environment. The primary factor is massive river runoff carrying terrestrial-originated
sediments into the aquatic systems, e.g., in the northern Gulf of Mexico in the US (Lugo-
Fernandez et al 2008) and the Great Barrier Reef, Australia (Fabricius 2005; Orpin & Ridd
2012; Fabricius et al 2014). The suspended sediment loads from river runoff coupled with the
slow flushing process in isolated basins such as in lakes, fjords, and estuaries can significantly
reduce water clarity due to the massive build-up of suspended sediment (Pickard 1961; Carney
et al 1999; Lugo-Fernandez et al 2008). Besides the river runoff factor, oceanographic
processes such as bottom stirring due to tides and winds can also create low water clarity
conditions as the stirring process results in bottom sediment resuspension (Larcombe et al
1995; Orpin & Ridd 2012; Whinney et al 2017; Salamena 2024).

The Indonesian archipelago is broadly defined by two continental shelves, with the
Sunda Shelf connected to the Asian Continent and the Sahul Shelf linked to the Australian
Continent and New Guinea (Figure l1a). These continental shelves are connected to mostly
large islands (area > 100,000 km?) in the archipelago (except Sulawesi Island), such as
Sumatera Island, Kalimantan Island, Java Island, and the Indonesian territory of west New
Guinea (Figure 1la). Between these two continental shelves lies deep ocean sub-basins
(average depth: 4,000 m) featuring numerous small oceanic islands (area < 2,000 km?) (Jezek
& Hutchison 1978; Pownall et al 2013). The current status of the water quality issues linked
to low water clarity in the Indonesian archipelago has been mostly represented by water clarity
studies in large islands of the archipelago (with large river catchment areas coupled with a
high human population), and the main finding from these studies indicated that coastal waters
in these large islands experience significantly low water clarity (Secchi depth: < 3 m with an
average of 1 m) due to high terrestrial suspended sediment loads; e.g., in Sumatera Island
(Amri & Muchlizar 2018; Amri et al 2019; Prasetyo et al 2022; Azwar et al 2023), in Java
Island (Helfinalis 2005; Riyadi 2005; Siregar & Koropitan 2013; Dewi et al 2022), in
Kalimantan Island (Budhiman 2004; Budhiman et al 2012), in Sulawesi Island (Buana et al
2021; Irawati et al 2023) and Indonesian territory of west New Guinea (Ilahude et al 2004;
Alongi et al 2012; Alongi et al 2013). Numerous water clarity studies with more focus on the
large Indonesian islands lead to limited knowledge on the topic in the small oceanic islands in
the archipelago. This disparity is presumably because massive development in large islands
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with large river catchment areas and the resulting high suspended sediment loads discharged
into coastal waters commonly attract more attention from researchers than in small oceanic
islands (with small river catchment areas and supposedly insignificant suspended sediment
loads discharged into coastal waters).

One emerging reason to motivate assessments of water clarity in the coastal waters of
small oceanic islands in the Indonesian archipelago is the recent rapid coastal development in
the small islands. Due to development resulting from human migration, economic activities,
and tourism, coastal urban areas in remote small islands in the archipelago have recently
emerged and have been usually accompanied by land clearing activities (e.g. for residential
and mining areas); the deforestation has the potential to increase suspended sediment loads
into the adjacent coastal waters in the coming years (Pelasula 2008; Male et al 2013; Kakisina
et al 2015; Hermawan et al 2017; Akhir 2018). As such, water clarity studies in the small
oceanic islands with rapid coastal development in the Indonesian Archipelago are considered
to be important for providing insights regarding the status of suspended sediment pollution
associated with emerging human activities in the small islands.

Ambon Island (area: ~800 km?; population: 500,000, source: Indonesian Bureau of
Statistics 2010), a small oceanic island in eastern Indonesia (Figure 1b), is considered to be a
suitable location to investigate the impacts of rapid coastal development in small islands on
potentially the reduced water clarity in the adjacent coastal waters linked to increased
suspended sediment inputs. Ambon City in Ambon Island (indicated by the area inside the red
line in Figure 1b) serves as the Maluku provincial capital (a rare role played by such a small-
sized island in Indonesia) and has rapidly developed in recent decades (following the rapid
growth of the human population in the city; Indonesian Bureau of Statistics 1980; Pelasula
2008; Indonesian Bureau of Statistics 2010), more than development rates of other similar-
sized islands. The development in Ambon City has resulted in rapid deforestation at the upper
lands of Ambon Island has caused increased river runoff in the form of intense freshets,
particularly during the wet season (Pelasula 2008; Kakisina et al 2015). As such, Ambon Bay,
the adjacent coastal waters, particularly, in the isolated inner Ambon Bay (IAB, Figure 1b and
c), is likely to be exposed to suspended sediment pollutants (Pelasula 2008).
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Figure 1. (@) The geography of the Indonesian archipelago with the emphasis on its large islands
combined with the associated continental shelves within the archipelago (Sunda and Sahul Shelves);
the red box indicates the location of Ambon Island that is zoomed in Figure 1b. (b) The geography of
Ambon Island shows the geomorphology and bathymetry (contour) of Ambon Bay consisting of inner

Ambon Bay and outer Ambon Bay; the red line indicates the administrative area of Ambon City. (c)
The geography of inner Ambon Bay with the emphasis on oceanographic stations (i.e. (¢) and (¢))
employed in this study. (¢) were measured in September 2021 and March 2022 while (¢) were
measured in August 2023. A (Salamena et al 2021), B (Indonesian Bureau for Spatial Information -
BIG), and C (Indonesian Navy-LIPI tidal measurements) represent locations ever used to measure tidal
harmonics (currents or water elevation) in IAB.

Despite the suspended sediment threat linked to recently rapid deforestation, the
characteristics of water clarity in IAB during the wet season (when intense freshet occurs)
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linked to anthropogenic activity are poorly investigated. To date, there are only two existing
studies investigating the water clarity characteristics in IAB (Likumahua et al 2019; Wenno
1989). One of these two studies (Wenno 1989) was conducted during the periods when land
clearing activities were very low in Ambon Island (in the 1970s-1980s) due to a small human
population at that time on the island. Hence, this previous study was not able to reveal the
impact of increased suspended sediment input linked to recent rapid deforestation on the
water clarity in IAB (Pelasula 2008; Kakisina et al 2015). The other study (Likumahua et al
2019), despite being conducted recently (hence, representing the period of rapid land clearing
in Ambon Island), employed very limited observation stations (4 stations) hence inadequately
covered the total surface area of IAB (11.5 km?) including sections in the IAB basin nearby
the surrounding rivers where freshet is discharged. In addition, this previous study did not
particularly discuss water clarity and sediment-caused pollutants that induced light penetration
in the IAB basin (Likumahua et al 2019).

There is also a specific interest in investigating water clarity in IAB during the wet
season, considering its fjord-like geomorphology. The isolation of a water body from the open
water system can result in slow flushing/circulation inside the isolated basin (i.e. commonly
found in lakes and fjords) (Crippen & Pavolka, 1970; Syvitski et al 2012), and this possibly
leads to the formation of turbid water as terrestrial-originated suspended loads are likely to
be trapped inside the isolated basin (hence, reducing water clarity) (Workgroup 2004). Due
to the fjord-like geomorphology in IAB where the basin is isolated from its offshore open
waters, outer Ambon Bay (OAB), by a narrow-shallow sill (Figure 1b), one would suggest that
the IAB isolation might promote low water clarity conditions during the wet season. This is
likely due to high suspended loads carried by intense freshet events during the wet season,
probably being trapped inside the basin instead of being transported directly to the OAB. Due
to the available information on the flushing time of IAB during the wet season (~ 2 weeks)
(Pello et al 2014; Salamena et al 2021, 2022b; Salamena et al 2023), the investigation on
water clarity in IAB during the wet season could provide important insight on how the flushing
capability of IAB (resulting from the IAB isolation) characterizes water clarity inside the basin
under high suspended sediment inputs linked to high river runoff during the particular season.

This study sought to reveal the characteristics of water clarity in IAB during the wet
season when terrestrial-originated suspended sediments are expected to be considerably
discharged into the basin. The water clarity characteristics obtained from this current study
aimed to reveal how the continuously rapid land clearing in Ambon Island, coupled with the
flushing capability of IAB, affects the water quality of IAB. In this study, the level of water
clarity in IAB was represented by the estimates of light attenuation coefficient (Ks) and
euphotic depth (Zeu) from Secchi depth and by the measured turbidity. The values of Ky
estimated in this current study were used to reveal whether IAB is classified as a low-turbid,
moderate-turbid, or high-turbid system. This study also investigated the potential light
limitation due to light attenuation by suspended sediment via the ratio of Zes to the surface
mixed layer depth (Zm). This sought to understand whether the sediment-induced light
attenuation in IAB during the wet season can limit light for primary producers, and this is of
interest to the water quality management in IAB.

Material and Method

Description of the study sites with an emphasis on inner Ambon Bay. Ambon Bay is a
fjord-like basin, formed due to the tectonic collision and bending of two previous islands of
volcanic origin (Leitimor and Leihitu) to create the current Ambon Island (Figure 1b) (Jezek &
Hutchison 1978; Honthaas et al 1999). Nowadays, the bay is characterized by inner Ambon
Bay (IAB; average depth: 25 m; Figure 1b), a shallow semi-enclosed basin that is isolated
from outer Ambon Bay (OAB; a steady sloping outer section of Ambon Bay connected to the
Banda Sea), by a narrow, shallow sill (12 m) (see Figs. 1b and c) (Salamena et al 2021).
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Seasonal conditions and tidal characteristics in IAB. IAB experiences seasonal
freshwater inputs. The wet (also called rainfall) season commences in May (the early stage of
the wet season), reaches its peak in July to August, and wanes in September - this period is
often called easterly monsoonal season due to the prevailing easterly monsoonal winds over
Ambon Island (Tarigan 1989; Pello et al 2014). During the wet season, IAB experiences
frequent freshet events due to high rainfall over the upper lands of IAB (Pelasula 2008; Saiya
et al 2016; Salamena et al 2023). In contrast, the dry season with low freshwater inputs
prevails in IAB between December and February (Tarigan 1989). During this season, freshet
occurs less frequently in IAB (Pello et al 2014).

IAB is a tidal-dominated basin as supported by a few locations in the basin (i.e. A, B,
and C in Figure 1c) showing tidal harmonics. As such, it can be said that the IAB length
(longitudinal length from the sill: ~5 km) is also the tidal intrusion length of IAB - this
condition might not be applicable for other estuarine-like basins (e.g. river estuaries) when
the tidal intrusion length is shorter than the basin’s length, causing some sections especially
on the farther inland waters that do not experience tidal harmonics (Uncles et al 2002). Tidal
cycles in IAB are mixed semidiurnal (Salamena et al 2022a; Salamena et al 2021, 2022b).
Spring tides produce a maximum tidal range between flood and ebb of 2.5 m while neap tides
only create a 1.2 m tidal range (van Oostenbrugge 2003). The magnitude of the tidal range
in IAB is categorized as mesotidal (= 2 m and < 4 m) (Uncles et al 2002).

Nutrient inputs and flushing processes in IAB. 1AB is a complex system regarding nutrient
inputs. The basin receives dissolved nutrients from the land (via river runoff with a maximum
supply during the wet season when freshet events occur (Pello et al 2014; Ikhsani et al 2016)
and from the open ocean (OAB connected to the Banda Sea) (Ikhsani et al 2016). Yet, the
elevated nutrients in IAB commonly occurring during the wet season are not related to the
elevated rainfall (Likumahua et al 2019). Instead, it is most likely oceanic nutrients from OAB
predominate the nutrient budget in IAB via frequent oceanic inflow replenishing IAB (Salamena
et al 2022a; Salamena et al 2021, 2022b). This frequent supply of nutrient-rich oceanic water
from OAB regulates the magnitude of flushing in IAB (flushing time: about two weeks).

The main driver for the flushing processes in IAB is tides. Two tidal-induced flushing
mechanisms in IAB are deep-water renewal linked to internal tidal waves in OAB (Wenno &
Anderson 1984; Salamena et al 2021) and estuarine circulation (i.e. tidal-mean two-layer
system) linked to surface brackish water (Salamena et al 2022b). The former mechanism
occurs intermittently (i.e. in the form of episodic intruding water pulses) each a spring-neap
tidal sequence and replenishes the deep layer of IAB (volume below the sill) (Salamena et al
2021). The latter mechanism occurs regularly following water moving in and out of IAB based
on flood/ebb tidal cycles and flushing the surface layer of IAB to the sill depth (~ 12 m)
(Salamena et al 2022b).

Theoretical frameworks of light attenuation in the marine environment

Light attenuation coefficient and Secchi depth. According to the Beer-Lambert law, the
intensity of light penetrating the water column of the ocean decays exponentially, called light
attenuation, and this is mathematically expressed (Macdonald 2015; Weiskerger et al 2018;
Glover et al 2019):

1(z)=1,ep(-K,z) (1)

where I(z) is the light intensity reaching depth z while I, is the initial light intensity before
penetrating the ocean (i.e., at z = 0). Ky is the light attenuation coefficient - large Ku creates
low water clarity (Davies-Colley & Smith 2001).

Practically, Kq is easily determined using a simple tool called Secchi disk, a white-black colored
30-cm disk i.e., the disk is lowered into a certain depth where the white part of the disk is no
longer visible and this depth is defined as Secchi depth, Zsec (Erlandsson & Stigebrandt 2006;
Bowers et al 2020). At Zse, the initial light intensity, Io, typically reduces to 10% I, (Buiteveld
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1995; Tyler 1968). Therefore, by applying I(z) = 10% I, in Eq. 1 when Zsec is known, the light
attenuation coefficient, Kq, is then determined as (Kelble et al 2005):

Ky=23/Z, (2)

Euphotic depth and light limitation due to light attenuation in marine systems. Light
attenuation in the marine system affects ocean primary producers (e.g. phytoplankton;
seagrass) since the attenuation regulates the light availability in the water column to be used
for the photosynthesis by the producers (Cloern 1987; Kelble et al 2005). This light availability
is commonly represented by the euphotic zone, spanning from the surface depth to a certain
depth called euphotic depth, Zewp, where I(z) = 1% I, (Kirk 1994; Kelble et al 2005). Hence,
using EqQ. 1, Zeu is estimated by (Kelble et al 2005):

Z,, =461K, (3)

Light limitation for primary producers due to light attenuation can occur in marine
systems when the available light in the water column might not be sufficient for
photosynthesis. Light limitation by light attenuation can be adequately assessed using the
ratio of euphotic depth (Zeu) to surface mixed layer (Zm) (Cloern 1987; Kelble et al 2005).
When Zew:Zm < 1, the light attenuation process (i.e. Eq. 1) is considered to have a major role
in limiting the growth of ocean primary producers (Kelble et al 2005). In contrast, Zev:Zm > 1
indicates a minimal role of the light attenuation process in limiting the growth of the primary
producers (Kelble et al 2005). In this study, Zm was determined using the density criterion of
0.05 kg m™ (Brainerd & Gregg 1995).

The decomposition of light attenuation coefficient: contributions of clear seawater
and water turbidity components. Light attenuation coefficient, Kq, in seawater represents
the degree of seawater clarity that is contributed by the inherent characteristic of seawater
itself (e.g. from density regulated by temperature and salinity somehow determining the
refractive index of the light) and the turbidity level contained in the seawater (Effler 1988;
Macdonald 2015). As such, Ka can be decomposed into two components, light attenuation
coefficients due to (i) the clear seawater properties (Ks ") and (ii) due to turbidity (Kq oty
(Macdonald 2015) as expressed by:

Kg = chlear + Kdturbidity - chlear +ax Tu (4)

where Tu is the depth-averaged water turbidity (unit: NTU) while a (unit: m-NTU?!) is a
coefficient associated with the light attenuation driven by turbidity (Macdonald 2015). The
linear relationship in Eq. 4 allows the estimation of K4 graphically by plotting scattered data
points of the observed Tu versus the estimated Kq with the constant of the linear relationship
(i.e. the intercept value) between Tu versus Ky referring to Kq®?" (e.g. Figure 40 of Macdonald
2015).

In a turbid environment such as coastal waters and estuaries where the major
contribution of turbidity is from suspended sediment, light attenuation coefficient, Kq, in Eq. 4
can be modified to predict the amount of total suspended sediment (TSS; unit: mg L?!) as
formulated by Eq. 7 (Bowers et al 2020):

Kq = (a clear + aturbidity 7SS )/u (5)

where a “? is the light absorption coefficient of seawater without suspended sediments while
u is the mean cosine of the downwelling light radiation with the value of 0.7 for the turbid
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condition (Kirk 1994; Matthes et al 2019). g is the light absorption coefficient linked to
suspended sediments with typical values ranging 0.02-0.06 m? g! (Bowers & Binding 2006).
From Eq. 4 and Eqg. 5, the parameterization of the K4’ - a <@ relationship can be written as:

Ka clear — a clear/u (6)

Thermodynamics-optical balance in predicting Ka ®®". The light attenuation coefficient
for clear seawater without suspended sediments, Ks 2, can be calculated by combining the
warming process of the surface ocean (thermodynamics) with the penetration process of light
radiation to the ocean’s upper layers (marine optics) and this combination is commonly known
as the water radiant heating rate theory (Ohlmann & Siegel 2000; Wei & Lee 2013). Imagine
that the surface ocean with the initial near-surface water temperature of To is warmed by the
sun. After a warming duration of dt, the near-surface water temperature elevates to be T1.
Hence, the degree of warming is equivalent to dT/dt. Meanwhile, optically, the surface ocean
also experiences light attenuation during the warming process when light radiation from the
sun penetrates the water column (see Eq. 1). The water radiant heating rate theory indicates
that this warming process can be balanced mathematically with this optical process,
subsequently, indicating that the light attenuation process is primarily regulated by the
elevated water temperature (Wei & Lee 2013). As such, the light attenuation process here is
more likely to be driven by the change of density due to the warming process; hence, only Kq
clear js relevant here. This thermodynamics-optical balance is mathematically expressed as
(Ohlmann & Siegel 2000; Wei & Lee 2013):

dTnear—surface —_ d I (Z)clear
dt dz

pC, (7)

where p is the near-surface water density subject to the warming process, C, is the specific
heat capacity of seawater (~4,700 J kg™ °C™!) and dThear-surface / dt is the rate of temperature
change at the near-surface layer due to the warming. I(2)® = I, exp (-Kq 9¢" 2) is the
exponential decay of light radiation due to the inherent characteristics of clear seawater
without suspended sediments. Applying the derivation of z to I(z)®?", Eq. 7 becomes:

C, dT r clear
pl p nea(rj:[surface — chlea exp(— Kd | 'Z) (8)

0

Applying the natural logarithm to both sides, Eq. 8 is now written as:

In pCp dTnear—surface
I dt

J_ In K clear _ K clear .7 (9)
- d d
[o]

In Eq. 9, Iv, dThearsurface / dt and p can be easily obtained from field measurements with
dThear-surface / dt that can be obtained by measuring surface water temperature in a location
during early warming in the morning to the peak of the warming around the noon. z can also
be determined as a certain surface depth experiencing the warming process. This hence leaves
the unknown Kq € to be determined. To estimate Ku ¢, Eq. 9 needs to be reformulated to
be:

pC,d

T
F(Kd clear, Z>= |n chlear _ chlear 7 In( near—surfaceJ — 0 (10)

dt

0
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where F(Kq <", z) is a function that is equal to zero. Here, a certain value of Kq " causing
F(Kas €, z) = 0 is then considered to be the light attenuation coefficient of clear seawater
obtained from the thermodynamic-optical balance.

Classification of turbid environment based on the magnitude of light attenuation
coefficient and TSS. The water clarity in the marine system can be classified based on the
magnitude of the light attenuation coefficient (Ka4) (Shen et al 2010; Shen et al 2013;
Sokoletsky & Shen 2013), as shown in Table 1. Low-turbid condition is represented by Ku <
0.107 m™! while moderate-turbid condition is classified by 0.107 m™ < Ks < 0.593 m™! (Shen
et al 2010; Shen et al 2013; Sokoletsky & Shen 2013). In addition, the high-turbid condition
is indicated by 0.593 m™ < Ky < 4.113 m™! while the ultra-high turbid condition is met when
K¢ > 4.113 m™ (Shen et al 2010; Shen et al 2013; Sokoletsky & Shen 2013).

Table 1
Classification of turbid conditions in marine environments based on K¢ and TSS

The classification of turbid condition in marine system

Ka (m1) 7SS (mg L™?)
Low-turbid condition Ka < 0.107 Low-turbid condition TSS < 5
Moderate-turbid 0.107 < K4 < Moderate-turbid
condition 0.593 condition 5<T55<50
High-turbid condition 0'59431<13{<d = High-turbid condition TSS > 50
Ultra-high turbid Ky >4.113

condition

Similar to the water clarity classification based on Ky, the turbid condition in the marine system
can also be categorized using TSS concentration (Table 1). Low turbid condition is classified
by TSS concentration less than 5 mg L!, while moderate turbid condition has a TSS interval
of 5<TSS<50 mg L*. High turbid condition is categorized by TSS>50 mg L.

Oceanographic measurements. This study employed oceanographic stations inside IAB
covering a large portion of the surface area of the IAB basin (Figure 1c). In general, the
measurements at the stations were conducted in three stages of wet seasons: the early stage
of the wet season in May 2022, the peak of the wet season in August 2023, and the waning
of the wet season in September 2021 (Table 2). The focus of this study on the wet season in
IAB was linked to the high probability of the basin being exposed to significant run-off
discharge (compared to the other seasons with low rainfall), likely affecting water clarity in
the embayment. In all stages of the wet season, at the oceanographic stations (Figure 1c),
vertical profiles of turbidity and the light intensity above the surface ocean were measured
(Table 2). Vertical profiles of temperature, salinity, and density from a Conductivity-
Temperature-Depth (CTD) instrument (type: SWIFT Valeport CTD) were measured during the
peak and waning stages of wet seasons while Secchi depth was measured only during the
peak of the wet season (Table 2). Regarding the timing for sampling in the chosen stages of
the wet season in relationship to the optimum solar insolation, the measurements were
conducted between 10:00 hours and 14:00 hours when irradiance angles are expected to be
close to the solar zenith (Macdonald 2015).

The procedures for calculating Kqs and Ze, are based on the data availability in IAB in
the wet season. This section aims to describe sequentially the calculation process of Ks and
Zeu in this study regarding the data availability in three sampling periods described in Table 2.
Firstly, the calculations of the light attenuation coefficient (Kq; Eg. 2) and the subsequent
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euphotic depth (Zeu; Eq. 3) were undertaken using the August 2023 datasets that included
Secchi depth measurements (Table 2). Due to the absence of Secchi depth measurements in
the sampling periods of September 2021 and May 2022 (Table 2), Kq in these periods was
determined using the linear relationship between Kq and turbidity, which was measured in
these sampling periods (Table 2). To do this, the parametrization of the Kq -turbidity linear
relationship (Ka = Ka®?" + a x Tu; Eq. 4) was first established from the August 2023 datasets
measuring both Secchi depth and turbidity. Then, Ks for the sampling periods of September
2021 and May 2022 were estimated by inputting the measured turbidity data from these
periods (Table 2) into the obtained linear formula. As Kq in the sampling periods of September
2021 and May 2022 was calculated, the associated Zes values were subsequently computed
(Eq. 3).

Table 2
Metadata of oceanographic measurements in IAB in this study
. . Sta_t/on . Parameters measured in the oceanographic
Sampling period locations in .
stations
IAB
Vertical profiles of temperature, salinity,
September 2021 density and turbidity
(the waning of wet Indicated by Light intensity just above the surface
season) o ocean
(e) in Figure
1c
May 2022 Vertical profiles of turbidity
(the early stage of wet Light intensity iust ab th ¢
season) ight intensity just above the surface

ocean

Vertical profiles of temperature, salinity,
August 2023 () in Figure - . den_S|ty_ and turbidity
(the peak of wet 1c Light intensity just above the surface
season) ocean
Secchi depth

Indicated by

Results

Light attenuation and turbidity in IAB in the wet season. In general, the light
attenuation coefficient, Kq¢, and the resulting euphotic depth (Zeu) in IAB changed following the
strength of the wet season. During the early stage of the wet season in May 2022 when rainfall
was not intensified, the mean values of K¢ and Zeu in IAB were found to be 0.42 m™ and 10.48
m, respectively. As the wet season reached its peak in August 2023 (hence, the maximum
rainfall rate), the mean values of Ks (0.56 m™) and Zeu (8.23 m) were found to be respectively
higher and shallower than that of the early stage of wet season. As the wet season waned in
September 2021, K¢ (0.48 m™!) and Zeu (9.6 m), respectively, slightly decreased and deepened
in comparison to those found during the peak of the wet season.

The pattern of the mean values of the depth-averaged turbidity in IAB (measured using
turbidity profiler) was generally consistent with K¢ (measured using Secchi disk), concerning
the stages of wet season (the early stage of wet season: 0.72 NTU; the peak of wet season:
1.00 NTU; the following waning stage of wet season: 0.88 NTU).

From the light attenuation-turbidity relationship in IAB during the wet season (K¢ = 0.37
[depth-averaged turbidity] + 0.15; R? = 0.46; Figure 2), an empirical formula to estimate
turbidity by simply using Secchi depth, Zsec, was obtained. Using Eq. 2 substituted into the
light attenuation-turbidity relationship, the parametrization of the turbidity- Zsec relationship
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for IAB during the wet season was found to be: [depth-averaged turbidity] = [1 / (0.37 Zsec)]
(2.3 - 0.15 Zsec).

Light attenuation by clear seawater in IAB in the wet season: the estimation of Ks'¢®"
and acear. In general, the light attenuation coefficient of clear seawater, Ko, in IAB was
found to be 0.15+0.03 m™. For instance, from the August 2023 datasets, the linear
relationship between the depth-averaged turbidity and the light attenuation coefficient (Kq; as
shown in Figure 2) resulted in Ks® = 0.15 m’!, obtained as the constant of the linear
regression relationship (Eqg. 4; see also label in Figure 2). This was applied due to the absence
of zero turbidity measured in IAB which acted as the intercept in the linear regression formula.
Additionally, using the thermodynamics-optical balance (§3.1.4), K./ was found to be
0.13+£0.01 m™? and 0.17+0.01 m™ for the August and September sampling periods,
respectively; note, Ko was not able to be estimated in the May sampling period due to the
absence of CTD profiles (see Table 2).

Moreover, the absorption coefficient of clear seawater (acear) in IAB during wet season
(using Eqg. 6) was found to be 0.105 + 0.014 m™ utilizing the K4 values from the turbidity-
Ka relationship (Eg. 5; 0.15 m™!) and the thermodynamics-optical balance (§3.1.4; 0.13 and
0.17 ml).

S
©

Kd = 0.37 [Depth-averaged turbidity] + 0.15
R?=0.46

o
=
©)

o
o

o
)
.

o
»

Mean light attenuation coefficient, Kd, (1/m)

©
w

0.6 0.7 0.8 0.9 1 1.1 1.2
Depth-averaged turbidity (NTU)

o
o

Figure 2. The linear relationship between depth-averaged turbidity and Secchi-derived light attenuation
coefficient in IAB during the August 2023 sampling period.

TSS concentration is derived from light attenuation. The mean values of TSS
concentration in IAB estimated using Eq. 5 varied following the strength of the wet season
(Table 3). The TSS concentration was calculated to be 2.6 mg L* during the early stage of the
wet season. The predicted TSS elevated to 7.2 mg L during the peak of the wet season and
decreased during the waning of the wet season (5.7 mg L?).

Table 3
Mean values of predicted TSS during the stages of wet season in IAB

Sampling period Mean TSS concentration (mg L)
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May (early stage of wet season)
August (the peak of wet season)
September (waning stage of wet season)

NN
NN o

Light limitation for ocean primary producers linked to light attenuation in IAB. Based
on Zeu:Zm (see §3.1.2), light attenuation in IAB during the wet season was found to play a
minimal role in limiting light for ocean primary producers in the system. Zm (using the density
criterion of 0.05 kg m™3) in IAB during the wet season was found to be ranging 1.5-2.5 m,
significantly shallower than Zeu (i.e. 8.23 - 10.48). Hence, Zeu:Zm was found to be larger than
1 and this did not meet the condition in which light attenuation has a major impact in limiting
light for ocean primary producers (i.e. Zeu:Zm < 1).

Classification of turbid condition in IAB in the wet season. In general, IAB during the
wet season was found to be categorized as a moderate-turbid environment. This was based
on the mean values of Ky (i.e., the early stage of wet season: 0.44 m™; the peak of wet
season: 0.56 m™!; the waning of wet season: 0.48 m™!) and TSS concentration (the early stage
of wet season: 2.6 mg L!; the peak of wet season: 7.2 mg L!; the waning of wet season: 5.7
mg L) (Table 3) that met the moderate-turbid condition presented in Table 1.

Discussion

Turbidity controls water clarity in IAB in the wet season. Turbidity controls the
variability of light attenuation in IAB during the wet season. The variation in the degree of
depth-averaged turbidity measured during the stages of the wet season such as the early
stage (0.72 NTU), the peak (1.00 NTU) and the waning (0.88 NTU) resulted in the associated
variability in light attenuation coefficients (the early stage of wet season: 0.44 m™; the peak
of wet season: 0.56 m!; the following waning stage of wet season: 0.48 m™).

The linear relationship between turbidity and light attenuation in this current study
agrees with previous studies in other coastal basins. This includes coastal inner shelf waters
of the Great Barrier Reef in North Queensland, Australia using the observed turbidity (NTU)
versus light attenuation coefficient (MacDonald), and some coastal waters in the North
America region that used the measured TSS (mg L) versus light attenuation coefficient e.g.
in San Fransisco Bay (Cloern 1987), New York Bight (Malone 1976) and in Delaware Bay
(Pennock 1985).

Prevailing moderate-turbid conditions in IAB in the wet season

Compared with previous studies. This current study agrees with the recent water clarity
study in IAB (Likumahua et al 2019) regarding the prevailing moderate-turbid condition in IAB
during the wet season. For instance, the values of Ks estimated from this study (0.44-0.56 m~
1) and the previous study (0.2-0.35 m™!; their Figure 4c) meet the moderate-turbid condition
category (0.107 < K¢ < 0.593; Table 1). It is interesting to note that K¢ calculated in this
study was found to be 1.6 to 2 times higher than that of Likumahua et al (2019). The difference
is likely linked to the use of more stations in this current study (Figure 1c) that covered more
sections near coasts in IAB where relatively lower water clarity exists compared to very few
stations employed by Likumahua et al (2019) (Figure 1).

Hydrodynamics drivers regulating the moderate-turbid condition in IAB in the wet
season. The status of moderate-turbid conditions in IAB during the wet season (from the
viewpoints of Ks and TSS; §4.5) appears to be regulated by the hydrodynamics of the basin.
Uncles et al (2002) investigated the effects of flushing time, tidal intrusion length, and tidal
range on turbidity in ~50 estuaries and have obtained important insights regarding factors
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preventing the occurrence of high turbidity in estuaries. The first insight was that short flushing
time in estuaries (0.5 days to up to ~ a few weeks in comparison to long flushing time: > 60
days) allows suspended sediment in the water column (e.g., due to freshets or sediment
resuspension) to be rapidly flushed out of the estuaries (e.g., via the ebbing currents of spring
tides). The second insight was that the comparable magnitude between the estuarine length
and the prevailing tidal excursion in the estuary enables suspended sediment to be flushed
out of the system in a single ebb tide. In the context of IAB, the basin has a short flushing
time during the wet season driven by frequent oceanic intrusions from OAB (i.e., within 2
weeks; Salamena et al 2021, 2022b) despite its low tidal range (mastoidal; Uncles et al 2002;
van QOostenbrugge 2003). In addition, the basin has a tidal intrusion length of 5 km (see §2.2)
that is comparable with the prevailing maximum tidal excursion during spring tides in the
system (i.e. 5-7 km; Salamena et al 2021; their Figs. 5e and f) - this can allow terrestrial-
originating suspended sediments in IAB due to freshet to be flushed out of the system within
a single ebb during spring tides. As such, the IAB basin during the wet season meets the
requirements for conditions that prevent the establishment of high turbidity in estuaries
reported by Uncles et al (2002), consistent with the observations in this current study showing
the prevailing moderate-turbid status in IAB during the wet season (see § 4.5).

The light attenuation coefficient in IAB reveals the water exchange process between
IAB and OAB. 1n this current study, the estimates of light attenuation coefficient (Kq4) in IAB,
including the clear seawater’s light attenuation coefficient (Ks¢?") seem to unveil the exchange
process between IAB and OAB. Despite the general isolation of IAB from OAB due to a narrow-
shallow sill located between these basins (Figure 1), IAB has been reported to be regularly
flushed within spring-neap tidal sequences by oceanic water from OAB (Wenno & Anderson
1984; Salamena et al 2022a; Salamena et al 2021, 2022b). The intruding water from OAB
reaching IAB is likely to be mixed with the IAB resident water, and this can modify the inherent
characteristics of the intruding water, such as salinity, temperature (Salamena et al 2022a),
or also turbidity content. Regarding the turbidity content, the modification process can be
revealed from the spatial evolution in the magnitude of Ks from OAB to IAB. Likumahua et al
(2019) measured Kq in OAB and IAB during the wet season with respective values of 0.15 m~
! and 0.2-0.35 m™! (their Figure 4c). Meanwhile, from this current study, K¢ and K€" in IAB
during the wet season were calculated to be 0.42-0.56 m'* and 0.15+0.03 m!, respectively.
Considering (i) Ka = Kde + KUty (turbidity component; see Eq. 4) (Bowers et al 2020;
Macdonald 2015) and (ii) the high-frequent flushing in IAB by the OAB intruding water, the
very similar values between Kq in OAB (0.15 m™!) and K¢®? in IAB (0.15+0.03 m™) indicate
that low-turbid water from OAB (indicated by smaller Kqs) reaching IAB has been modified
within IAB via the increase of the turbidity content, indicated by the elevation of Ky (Likumahua
et al 2019; also this current study).

Insignificant light limitation for primary producers in IAB in the wet season
Potential causes. The insignificant role of light attenuation in limiting light for ocean primary
producers in IAB in the wet season (i.e. Zeu: Zm > 1; §4.4) is likely to be caused simultaneously
by the deepening of Zew and the shallowing of Zn. Regarding the deepening of Ze. (8.23 -
10.48 m), the condition is likely to be related to the moderate-turbid status in IAB during the
wet season (§4.5), linked to the hydrodynamics aspects in the embayment that likely prevent
the establishment of high turbidity (e.g. rapid flushing and tidal characteristics; see §5.2.2).
Regarding the shallowing of Zm (1.5-2.5 m; §4.4) in IAB during the wet season, the condition
is likely to be driven by the establishment of surface density stratification (Cloern, 1987) due
to surface brackish water in the wet season (the top 5 m) (Pello et al 2014; Salamena et al
2022b) that suppresses surface mixed layer depth.

The impacts on the existing knowledge of primary productivity in IAB. This current
study adds an important insight into the existing knowledge supporting IAB as a productive
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marine ecosystem. Cloern (1987) indicated that productive marine ecosystems can be justified
by (i) the availability of high nutrient concentration and (ii) adequate light availability
represented by the insignificant light limitation that both favorably support the growth of
primary producers. Regarding IAB, the former aspect has been recently unveiled in the form
of the tidal-induced frequent supply of oceanic water with high nutrients originating from OAB
into IAB (Salamena et al 2022a; Salamena et al 2021, 2022b). The latter aspect, for the first
time, is presented through this current study that demonstrates a minimal light limitation
condition in IAB, resulting in sufficient light availability for primary producers.

The combination of high nutrient supply from OAB into IAB and minimal light limitation
in IAB during the wet season may explain why IAB experiences elevated levels of primary
productivity during this time. Reports of high primary productivity levels in IAB have
predominantly occurred during the wet season (Likumahua 2013; Sidabutar et al. 2000;
Salamena et al. 2022a; Sidabutar et al. 2022). Regarding nutrient enrichment driving high
primary productivity, Salamena et al. (2022a) recently demonstrated that high primary
productivity levels, attributed to Chl-a concentrations exceeding 5 mg m3, likely happen in
IAB during the wet season when a sufficient volume of dense intruding water from OAB raises
IAB’s deep resident water from depths of 26-30 m to around 5-6 m. However, the previous
study did not investigate the water clarity aspect that supports the high primary productivity
observed at the 5-6 m depth in IAB (see Figure 4a and b). This limitation was addressed in
the current study. For example, this research showed that the surface depths with high
primary productivity, as reported by Salamena et al. (2022a), were located within the euphotic
zone (within the top 8.23 - 10.48 m). This condition allows phytoplankton communities at the
5-6 m depth in IAB to thrive under high nutrient conditions (Salamena et al. 2022a) and
abundant light availability (as demonstrated in this study), thus promoting the establishment
of substantial phytoplankton biomass.

Along with the aspect of water clarity in IAB during the wet season that supports high
primary productivity, the predicted TSS in IAB during the wet season (as noted in this study)
appears to satisfy a general condition for establishing high phytoplankton biomass. Earlier
studies (Wofsy 1983; Cloern 1987) have pointed out that high phytoplankton biomass can
only occur when TSS concentrations are below 50 mg L™t. Beyond this threshold (>50 mg L
1), marine environments are categorized as high-turbidity environments (Table 1), where
phytoplankton communities face severe light limitation (Wofsy 1983; Cloern 1987). For IAB,
the TSS concentration in the basin during the wet season was measured to be less than 10
mg L (Table 3), which supports the likelihood of high primary productivity occurring in the
basin.

Lessons learned from the water clarity characteristics in IAB in the wet season

A simple algorithm to predict TSS in IAB in the wet season. This current study provides
a low-cost, robust approach for water quality monitoring and management in IAB via the use
of a Secchi disk for predicting water turbidity. Water clarity is widely considered to be a key
indicator to assessing the level of water quality in an aquatic environment (Effler 1988), and
the Secchi disc, a low-cost device, has continuously been considered to be an effective tool
for providing a quick and simple estimate of water clarity (Tyler 1968; Preisendorfer 1986;
Bowers et al 2020; Golubkov & Golubkov 2024). The parameterization of the Secchi depth
(Zsec)-turbidity relationship (i.e. [depth-averaged turbidity] = [1/(0.37 Zsec)] (2.3 — 0.15 Zsec);
84.1) for IAB during wet season presented here allows water quality managers and local
environmental authorities in IAB to easily obtain a quick, rough estimate of turbidity in IAB
during the particular season by simply measuring Secchi depth.

Prevailing rapid flushing in IAB overshadowing the impacts of recently rapid
deforestation in Ambon Island in controlling water clarity in IAB. Moderate-turbid
condition in IAB during the wet season (presented here) indicates that rapid flushing in IAB
mitigates the impact of intense freshet containing highly suspended sediment linked to
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recently rapid land clearing activities. The development in Ambon City has led to rapid
deforestation in the upper lands of Ambon Island (Pelasula 2008; Syahailatua et al 2012;
Kakisina et al 2015). This has caused increased river runoff in the form of intense freshets
that carry high suspended sediment, particularly during the wet season, into IAB (Pelasula
2008). Once entering the IAB water body, the suspended solids are subject to the flushing
capacity of the basin. The early water clarity study in IAB in the wet season, Wenno (1989),
conducted during the period when land clearing activities were very low in Ambon Island (in
the 1970s-1980s), indicated that considerably low water clarity during a significant freshet
event in IAB can be significantly improved in the following 6 hours, coincidentally with the
prevailing semi-diurnal tidal cycle in the basin. The previous study, hence, argued that this
rapid change in water transparency might be linked to tidal-induced rapid flushing in IAB
(Wenno 1989). At the time (in the 1970s-1980s), the knowledge of IAB flushing was very
limited to support this rapid flushing argument; recent oceanographic studies ultimately have
confirmed this rapid flushing argument (Salamena et al 2021, 2022b). Meanwhile, the
assessment of water clarity in IAB during the wet season under the scenario of recent rapid
deforestation in Ambon Island in this current study surprisingly does not contradict Wenno
(1989). This current study demonstrates that IAB still maintains its generally moderate-turbid
condition (84.5). The persistent moderate-turbid condition in IAB throughout time, such as
between the period of 1970s-1980s with insignificant deforestation as reported by Wenno
(1989) and recent years with intense deforestation (i.e. in 2021-2023) means that the rapid
flushing in IAB plays a key role in preventing the establishment of high turbidity in the basin
despite the recent elevated suspended sediment inputs in the basin.

Conclusions. The water clarity characteristics in IAB during the wet season (May- September)
were represented by the mean values of the light attenuation coefficient (Kq), the euphotic
depth (Zes), and depth-averaged turbidity ranging from 0.42-0.56 m', 8.23-10.48 m and
0.72-1.00 NTU, respectively. The predicted TSS concentration derived from Kq in IAB during
the wet season was found to be 2.7-7.2 mg L. Based on the estimated values of K4 and TSS,
IAB was found to be categorized as a moderate-turbid condition during the wet season. In
addition, the light attenuation coefficient for clear seawater was found to be 0.15+0.03 m™*
while the associated absorption coefficient of clear seawater was 0.105+0.014 m™,

Light limitation for primary producers due to the light attenuation process was found
to be minimal in IAB during the wet season due to the ratio of Zes (8.23-10.48 m) to the
surface mixed layer depth (1.5-2.5 m) larger than 1. The moderate-turbid status in IAB during
the wet season is thought to be linked to rapid flushing in the basin that can remove suspended
sediments in the water column of IAB instantly, hence preventing the establishment of high
turbidity in the basin. This might characterize the marine chemistry, such as the nutrient
properties in the basin. Previous studies such as Balls (1994) and Loder & Reichard (1981)
have reported that flushing time has the potential to control the characteristics of dissolved
nutrients in estuaries, i.e., rapid flushing in estuaries results in the nutrients likely behaving
conservatively. This is likely to apply to IAB with rapid flushing and moderate turbid status,
although this topic is beyond the scope of the current study. Future studies on the nutrient
dynamics linked to the flushing and the suspended sediments of IAB would be required to fill
this scientific gap.

It should be noted that the moderate-turbid status in IAB during the wet season
revealed in this current study does not preclude the potential impacts of recent deforestation
in Ambon Island on IAB from the viewpoint of the transport of coarse-sized sediment
pollutants. This current study confines its focus on the characteristics of water clarity in the
water column of IAB during the wet season, which is primarily affected by fine-sized sediment,
easily carried by ocean flow and surface brackish water. The tendency of fine-sized sediment
to be more easily transported by ocean flow and brackish water than coarse-sized sediment
results in the distribution of coarse-sized sediment being generally concentrated near river
mouths of IAB (Pelasula 2008). The investigation of the distribution and transport

AACL Bioflux, 2025, Volume 18, Issue 2. 672
http://www.bioflux.com.ro/aacl



characteristics of coarse-sized sediment pollutants near river mouths in IAB, including the
quantification of sedimentation rate, can provide important insights regarding the impacts of
recent deforestation in Ambon Island on IAB.

In addition, due to the characteristics of water clarity presented here, their impacts on
the population of phytoplankton in IAB from ecological viewpoints are likely to be significant.
Future studies that collect phytoplankton samples during the wet season are likely to reveal
how the water clarity characteristics in this particular season can affect the phytoplankton
diversity and assembly.
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