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Abstract

In terms of downward transport, suspended particulate matter (SPM) from marine or terrigenous sources is an
essential contributor to the carbon cycle. Within mesoscale environments such as seagrass ecosystems, SPM flux
is an essential part of the total carbon budget that is transported within the ecosystem. By assessing the total SPM
transport  from  water  column  to  sediment,  potential  carbon  burial  can  be  estimated.  However,  SPM  may
decompose  or  reforming  aggregate  during  transport,  so  estimating  the  vertical  flux  without  knowing  the
decomposition rate will lead to over- or underestimation of the total carbon budget. Here this paper presents the
potential decomposition rate of the SPM in seagrass ecosystems in an attempt to elucidate the carbon dynamics of
SPM.  SPM  was  collected  from  the  seagrass  ecosystems  located  at  Sikka  and  Sorong  in  Indonesia.  In  situ
experiments using SPM traps were conducted to assess the vertical downward flux and decomposition rate of
SPM. The isotopic profile of SPM was measured together with organic carbon and total nitrogen content. The
results show that SPM was transported to the bottom of the seagrass ecosystem at a rate of up to (129.45±53.79)
mg/(m2·h)  (according to  carbon).  Considering the whole  period of  inundation of  seagrass  meadows,  SPM
downward flux reached a maximum of 3 096 mg/(m2·d) (according to carbon). The decomposition rate was
estimated at from 5.9 μg/(mg·d) (according to carbon) to 26.6 μg/(mg·d) (according to carbon). Considering the
total downward flux of SPM in the study site, the maximum decomposed SPM was estimated 39.9 mg/(m2·d)
(according to carbon) and 82.6 mg/(m2·d) (according to carbon) for study site at Sorong and Sikka, respectively.
The decomposed SPM can be 0.6%–2.7% of the total SPM flux, indicating that it is a small proportion of the total
flux. The seagrass ecosystems of Sorong and Sikka SPM show an autochthonous tendency with the primary
composition of marine-end materials.
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1  Introduction
One of the marine ecosystems that reflected the carbon dy-

namic is seagrass meadows. The seagrass ecosystem has an in-
tegral part of global carbon cycles, especially for carbon sink,
generating a surplus of organic carbon production (Duarte et al.,
2013). A previous study reported that the standing stock and car-
bon sequestration of seagrass meadows in Indonesian waters
reached ca. 276–1 005 kt (according to carbon) and 1.6–7.4
Mt/hm2 (according to carbon), respectively (Wahyudi et al.,
2020). The seagrass ecosystem also considered as ecosystem with
the dynamic flux of the suspended particulate matter (Wahyudi
and Afdal, 2019).

Suspended particulate matter (SPM) makes an essential con-
tribution to the global carbon cycle through vertical flux and sed-
imentation (carbon burial) in the marine ecosystem (Kennedy et
al., 2010; Wahyudi et al., 2016). SPM is also an important diet
source for suspension feeders (Anthony, 1999), creating another
carbon pathway via the food web.

The high potential for carbon flux through the downward
transport of SPM contributes significantly to the carbon budget of
seagrass ecosystems (Wahyudi and Afdal, 2019). Previous find-
ings have elucidated that the carbon cycle at the microscale of a
seagrass ecosystem is not merely contributed by the dominant
species of seagrass (Bouillon and Connolly, 2009; Duarte et al.,
2013; Lavery et al., 2013); leaf litter (mangrove, seagrass, etc.),
river input, and particulate matter may also make a significant
contribution to the carbon budget of seagrass ecosystems (i.e.
that closely situated close to mangrove ecosystem), in particular
the contribution from SPM (Bouillon and Connolly, 2009).

SPM usually is composed of material from marine and terri-
genous sources, including detritus, fecal pellets, planktonic or-
ganisms, etc. that are classified as either autochthonous or al-
lochthonous in origin (Dalu et al., 2016; Wahyudi et al., 2016), de-
pending on whether produced inside or outside the system of in-
terest. Determination of the contribution of sources to SPM is
usually conducted by analyzing the natural abundance of carbon  
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and nitrogen stable isotopes (δ13C and δ15N), as reported by pre-
vious studies (Dalu et al., 2016; Wahyudi and Afdal, 2019). The
natural abundance of stable isotopes of carbon and nitrogen
(δ13C and δ15N) combined with the C/N ratio is used comple-
mentarily, since particulate matter is composed not only of car-
bon-derived materials, but also of other elements in both organ-
ic and inorganic forms (Andrews et al., 1998; Simon et al., 2002).

Microbial activities are likely to control the aggregation and
disaggregation of particulate matter through decomposition and
mineralization (Simon et al., 2002). It has been suggested more
recently that SPM is also composed of microbial assemblages (in-
cluding plankton, bacteria, and protozoans) (Simon et al., 2002;
Dalu et al., 2016) and as a result of the high level of organic mat-
ter it contains, SPM will be a relevant diet source for microfauna
and macrofauna (Gasparini et al., 1999; Mills et al., 2004; Mc-
Tigue and Dunton, 2014). Because of its high potential content of
organic carbon (Hedges et al., 2001; Middelburg and Herman,
2007), SPM is likely to be essential for carbon sequestration in
sediment. Furthermore, bioavailable particulate matter derived
primarily from phytoplankton is the dominant food supply for
the food web (Sobczak et al., 2002).

Duarte et al. (2013) explained that only half of seagrass car-
bon net production is exported to and buried in sediment. SPM
in seagrass ecosystems that may be composed of seagrass detrit-
us should be a part of that downward flux; however, as men-
tioned by Wahyudi et al. (2016), there is uncertainty in the estim-
ation of SPM compared to the potential capacity of carbon stor-
age in seagrass sediment. Therefore, it is necessary to elucidate
the fate of the SPM to understand the best estimation value of
SPM contribution to carbon burial. The objective of this study is
to measure the decomposition rate of SPM using an in situ incub-
ation approach. The decomposition rate of SPM is a pivotal factor

in predicting its fate after it has formed within the water column.
Measuring SPM decomposition rate will be an initial step in un-
derstanding the role of microbial assemblages in the aggregation
and disaggregation process.

2  Materials and method

2.1  Sample collection
Seagrass ecosystem SPM was collected from Sikka, East Nusa

Tenggara (8°35′58.308″S, 122°11′27.528″E) in August 2017 and
f r o m  S o r o n g ,  W e s t  P a p u a  ( S o p  I s l a n d :  0 ° 5 3 ′1 7 . 9 8 8″S ,
131°12′36.972″E; and Nana Island: 0°54′9.972″S, 131°13′49.98″E)
in April 2018 (Fig. 1). The seagrass extent at the Sikka study site
was recorded as 283.39 hm2 and at the Sorong site i.e., Nana Is-
land and Sop Island, as 0.037 hm2 and 0.084 hm2, respectively.

Observation of SPM flux was conducted in the study site
seagrass meadows using the SPM trap method (Wahyudi et al.,
2016). At Sikka study site, SPM traps were placed following a 2×6
matrix parallel to the shoreline with a distance of 100 m between
each trap. The first row was aligned about 150 m from the
shoreline. One trap unit consist of two tubes, so in total 24 tubes
were deployed. Meanwhile, at the Sorong study site with narrow-
er seagrass meadows fewer traps were deployed as adjustment
following the seagrass extent.

After 24 h, the traps were retrieved from the field. The SPM
trapped in the tubes were collected by filtration using pre-com-
busted (450°C, 6 h) Whatman glass fiber filter GF/F (d=25 mm).
The filtered SPM samples (residue) were stored in a freezer at
−20°C for further analysis (i.e., determination of organic
carbon/Corg, nitrogen/Ntot, δ13C, δ15N, and C/N ratio by using ele-
mental analyzer-isotope ratio mass spectrophotometer). The flux
rate was measured following Wahyudi et al. (2016). The vertical
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Fig. 1.   Study site at Maumere (Sikka, East Nusa Tenggara), Sop Island, and Nana Island (Sorong, West Papua).
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flux of organic carbon was estimated using the following equa-
tion:

Hourly Cflux =
(
Corg/t

)
/
(
ia× −

)
, (1)

where Cflux is organic carbon flux; Corg is organic carbon content
of aggregates; t is trapping periods; ia is internal mouth area of
the collection surface of a sediment trap in cm2.

2.2  In situ incubation for assessing SPM decomposition
The incubation station for the in situ decomposition rate ex-

periment was located at Wailiti Station, Maumere, Sikka
(8°35′58.308″S, 122°11′27.528″E). The experiment was conducted
on August 2017 during the southeast monsoon season. The an-
other set of SPM traps were deployed following a 2×6 matrix par-
allel to the shoreline. The in situ incubation was conducted a day
after the SPM was collected using SPM traps. It was assumed that
the SPM was collected with homogeneous conditions of SPM dy-
namics (production, turbidity, physical factors, etc.). After 24 h of
collection, the tubes in the traps were sealed using plastic lids
and left out in the field. Then, a destructive or non-continuous
sub-sampling approach was used, i.e. five tubes per day were re-
trieved from the area on days 0 to 4 (total of 96 h). The tube con-
tent was filtered using pre-combusted (450°C, 6 h) Whatman
glass fiber filter GF/F (d=25 mm). The filtered SPM samples
(residue) were stored in a freezer at −20°C for further analysis
(i.e., Corg, Ntot, δ13C, δ15N and C/N ratio). The decomposition rate
was determined by analyzing the changes of the Corg and Ntot of
the SPM that collected from different days of incubation. Four
days incubation maybe not long enough for the SPM to decom-
pose completely. However, the decomposition rate can be estim-
ated from the changes in organic carbon and nitrogen concentra-
tion.

2.3  Laboratory analysis
The SPM residue within the GF/F was acidified using concen-

trated HCl fumes for 3 min. This method was applied following
Schlacher and Connolly (2014), Wahyudi et al. (2016), and Wahy-
udi and Afdal (2019). The acidified residue was placed in a vacu-
um desiccator for 24 h together with concentrated NaOH pellets
to neutralize the acid. The residue was removed from the desic-
cator and oven-dried at 60°C. The dried SPM residue was packed
using a tin capsule (Elemental Microanalysis D1104 10.5 mm×
9 mm) following Wahyudi et al. (2019). Further analysis was con-
ducted using an isotope ratio mass spectrometer (Thermo Delta
plus XP coupled to a trace Gas Chromatography Ultra with a
Combi PAL autosampler). The investigation was carried out at
Iso-trace Research, University of Otago, New Zealand.

Stable isotope ratios of 13C/12C and 15N/14N are expressed as
δ13C and δ15N, respectively. The isotopic ratios were normalized
using standard gas Vienna Pee Dee Belemnite (VPDB) and atmo-
spheric N2. Isotope ratio (R) calculation, given as per-million (‰)
deviation from the standard value, where:

R = 13C/12C or R = 15N/14N, (2)

δ (‰) = [(Rsample/Rstandard)− ]× 000. (3)

The isotopic and elemental values were determined using
laboratory reference materials (USGS-40 and USGS-41), and con-
trol materials (Ethylene-diamine-tetra-acetic-acid/EDTA-OAS)
were used to determine precision and accuracy. The experiment-
al precision (based on standard deviation of replicates of (EDTA-

OAS standard) was ≤0.13‰ for both carbon and nitrogen stable
isotope.

2.4  Data analysis
The proportional contribution of the potential sources to SPM

was determined using a hierarchal Bayesian mixing model ana-
lysis using MixSIAR (Stock and Semmens, 2016) following Wahy-
udi and Afdal (2019), except for Markov chain Monte Carlo
(MCMC) using “very short” run, in order to obtain Gelman dia-
gnostics of <1.05. Then, the isotopic signature (i.e., δ13C and δ15N)
of the potential sources, and SPM were analyzed. The isotopic
signature of the potential sources as used by Wahyudi and Afdal
(2019) were analyzed in this present study, namely, periphyton,
Chlorophyta, C3 and C4 plants (Liu et al., 2007a), soils, estuary
SPM (eSPM), bay SPM (bSPM), river sediment, Enhalus acoroides
(EA; both above and below ground), Thalassia hemprichii (TH),
particulate organic matter (POM), and marine SPM (mSPM; sev-
eral isotopic signatures by Kaiser et al. (2014) and Liu et al.
(2007b)). MixSIAR generated the mixing model based on the all
δ13C and δ15N data of the potential sources and SPM to determ-
ine the contribution of each potential composing source to the
SPM. Determination of the end-member (terrigenous or marine-
end member) followed Lamb et al. (2006), Gilhooly et al. (2008),
Bao et al. (2013), and Martiny et al. (2014).

The carbon flux per day was calculated by multiplying car-
bon flux per hour with 24 h. The decomposition rate of SPM was
estimated following the regression obtained from the changes of
the Corg and Ntot of the SPM that collected from different days of
incubation. The total decomposed SPM was calculated by using
the following formula.

Dspm = Drate × Cflux, (4)

where Dspm is the total decomposed SPM in the study site, Drate is
decomposition rate, and Cflux is the total downward carbon flux
of the SPM.

Statistical analysis to determine the differences in the SPM
isotopic profile and flux between the two locations, Sorong and
Sikka, were performed using the Wilcoxon signed-rank test with a
confidence level (Cl) of 95% using R version 3.6.2 (2019-12-12).
Pearson correlation analysis was also performed to test the po-
tential correlation among variables.

3  Results
The C/N ratio of SPM from Sikka ranged from 10.53 to 20.11.

Meanwhiles, the C/N ratio of SPM from Sorong ranged from
14.48 to 46.52. The range of δ13C and δ15N value of SPM from both
study site is −22.12‰ to −0.71‰ and 0.54‰−6.32‰, respectively
(Table 1, Fig. 2). Statistical analysis shows significant difference
in the C/N ratio of SPM from Sorong and Sikka (Wilcoxon signed-
rank test, p-value<0.01), with SPM from Sorong having nearly
twice the C/N ratio of Sikka.

The downward flux of organic carbon from SPM to the
seagrass bed sediment in Sorong is higher than in Sikka, with a
rate of (129.45±53.79) mg/(m2·h) (according to carbon) com-
pared with (62.52±16.41) mg/(m2·h) (according to carbon) (Table 1).
Wilcoxon signed-rank test also confirms the significantly higher
value of organic C and N flux in Sorong compared to Sikka (p-
value<0.01, for Corg flux and Ntot flux, respectively).

SPM from the Sorong seagrass ecosystem has heavier δ13C
than SPM from Sikka (Fig. 3). The statistical analysis also shows
significant differences (Wilcoxon signed-rank test; p-value<0.01,
Cl 95%). However, the δ15N seems to be comparable between the
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two sites. Potential sources of SPM at both locations varied, in-
cluding seagrass detritus (EA represents Enhalus acoroides and

TH represents Thalassia hemprichii), Chlorophyta (green mac-
roalgae), C4 and C3 plants, soil, particulate organic matter (POM)

Table 1.   SPM isotopic profile and vertical flux of seagrass ecosystems in the Sikka and Sorong notated in average ± Std Dev

Location
δ15N
/‰

δ13C
/‰ C:N ratio

Ntot flux
/(μg·h−1)*

Corg flux
/(μg·h−1)*

Ntot flux
/(mg·m−2·h−1)

(according to nitrogen)

Corg flux
/(mg·m−2·h−1)

(according to carbon)
Sikka 4.10±1.56 −16.76±3.36 15.47±3.53 2.96±0.72 38.48±10.10 4.80±1.17 62.52±16.41

Sorong 4.01±1.36 −7.22±3.36 22.50±6.89 5.89±3.41 79.67±33.10 9.56±5.54 129.45±53.79

          Note: * Hourly flux of Corg and Ntot trapped in the SPM trap (mouth area: 6.154 4 cm2).
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Fig. 2.   SPM profile according to C/N ratio and isotopic profile of δ13C and δ15N. C/N ratio threshold for marine- and terrigenous-end
(6.6 and 20, respectively) follows Martiny et al. (2014) and Gilhooly et al. (2008), respectively. Alternative range of the end-member
(shaded area) refers to Lamb et al. (2006). Recorded range of δ13C for seagrasses is from −15.5 to −5.6 (Andrews and Abel, 1979).
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Fig. 3.   Bi-plot of carbon and nitrogen stable isotopes of SPM to determine the correlation of SPM potential sources. The potential
sources refer to Wahyudi and Afdal (2019), namely periphyton, Chlorophyta, C3 and C4 plants, soils, estuary SPM (eSPM), bay SPM
(bSPM), river sediment (river-sed), Enhalus acoroides  (above and below ground: EA-abg & EA-blg), Thalassia hemprichii  (TH),
particulate organic matter (POM), and marine SPM (mSPM).
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and periphyton (Fig. 3).
Bayesian mixing model results reveal the dominant contribu-

tion of E. acoroides (especially the below-ground part of the
plant) to the SPM at both Sikka and Sorong (Fig. 4). The average
contribution of E. acoroides (below ground/EA-Blg) detritus to
SPM is 10% and 41% for Sikka and Sorong, respectively. The max-
imum contribution of EA-Blg for SPM in Sikka and Sorong is 15%
and 69%, respectively.

The decomposition rate of SPM in seagrass ecosystems fol-
lows polynomial regression (Fig. 5). Organic carbon of SPM de-
creases following polynomial regression order two, y=0.002 4x2−
0.289 28x+32.156 (R2=0.62). Meanwhile, total nitrogen of SPM
also decreases following polynomial regression order three:
y=4×10−6x3−5×10−4x2+0.011 4x+2.413 1 (R2=0.38). During the first
half of incubation (up to 48 h), the decrease in SPM organic car-
bon follows linear regression y=−0.243 8x+32.673 (R2=0.92). Us-
ing linear regression within the first 48 h, SPM organic carbon
will decrease about 5.9 μg/(mg·d) (according to carbon), mean-
while using polynomial regression level two, the SPM organic
carbon will decrease up to 26.6 μg/(mg·d) (according to carbon).
In addition, the total nitrogen of SPM was estimated to decrease
by up to 2.5 μg/(mg·d) (according to nitrogen).

Using the estimated decomposition rate (i.e. 5.9 μg/(mg·d)
(according to carbon) to 26.6 μg/(mg·d) (according to carbon)),
the decomposition of the SPM traveling downward can be de-
termined. Given the SPM vertical flux at Sorong and Sikka of 3 107
mg/(m2·d) and 1 500 mg/(m2·d) (according to carbon) (by con-
verting the flux per hour on Table 1 to flux per day); the decom-
posed SPM of Sorong and Sikka can be estimated at 8.9–39.9
mg/(m2·d) (according to carbon), and 18.3–82.6 mg/(m2·d) (ac-
cording to carbon), respectively. Thus, decomposed SPM can be
between 0.6% and 2.7% of the total SPM flux.

4  Discussion

4.1  SPM of seagrass ecosystems tends to be autochthonous
Both parameters (C/N ratio and isotope value) show the

tendency of autochthonous marine derived materials as SPM
sources. According to the C/N ratio (criteria proposed by Gil-
hooly et al. (2008)), some of the SPM samples lie within the range
of terrigenous end-members (i.e., C/N ratio around 20, espe-
cially in the SPM from the seagrass bed at Sorong (Table 1; Fig. 2).
In contrast, SPM from the seagrass ecosystem at Sikka has a slight
tendency to be marine-derived materials. However, Lamb et al.
(2006) suggested that we cannot rely only on the C/N ratio. Mar-
ine algae and marine particulate organic matter have a C/N ratio
ranged from 4 to 10, with δ13C value ranged from −25‰ to −16‰.
Furthermore, Bao et al. (2013) reported the C/N ratio of seagrass
(no specific species) is around 18.6. Touchette and Burkholder
(2000) also reported that seagrasses had been regarded as C3
plants or C3-C4 intermediates.

The δ13C of Sorong’s seagrass bed being heavier than that of
Sikka. The comparable δ15N found at both seagrass beds shows
that the C/N ratio is more affected by carbon concentration.
These findings are expected to occur in coastal ecosystems that
are heavily affected by terrestrial input. The enrichment of δ15N
(around 4.0‰) suggests the influence of anthropogenic nitrogen,
a similar suggestion being provided by previous studies (Prasad
and Ramanathan, 2009; Wahyudi and Afdal, 2019). These find-
ings are the typical SPM profile for coastal areas. However, the
actual composition of the SPM should be determined consider-
ing both the carbon and nitrogen isotopic profile.

Considering the classical enrichment of δ13C and δ15N (Post,
2002; Wahyudi et al., 2013), the C4 and C3 plant may have a low
contribution to the SPM (Fig. 3), since the δ13C or the δ15N value
is far lower than the SPM. The potential sources that previously
reported by Wahyudi and Afdal (2019), i.e., SPM from a bay or es-
tuaries (bSPM, eSPM, mSPM1) and riverine sediment may also
have insignificant contributions (Fig. 3). Meanwhile, the other
potential sources (i.e., Chlorophyta, periphyton, mSPM, E.
acoroides, and T. hemprichii) are likely to have a significant pro-
portional contribution.

The Bayesian mixing model (MixSIAR) shows the significant
contribution of E. acoroides to the SPM bulk. This finding sup-
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Fig. 4.   The proportion of sources in the SPM derived from Bayesian mixing model (MixSIAR). The potential sources refer to Wahyudi
and Afdal (2019), namely periphyton, Chlorophyta, C3 and C4 plants, soils, estuary SPM (eSPM), bay SPM (bSPM), river sediment
(river-sed), Enhalus acoroides (above and below ground: EA-abg & EA-blg), Thalassia hemprichii (Th), particulate organic matter
(POM), and marine SPM (mSPM of four locations).
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ports the indication by using the C/N ratio and δ13C parameter.
Therefore, it shows that the SPM of both study sites is composed
by marine-end materials, primarily by E. acoroides. Other
seagrass species have δ13C values ranged from −15.5‰ to −5.6‰
(Andrews and Abel, 1979), which may contribute to the SPM
bulk. Therefore, by combining the C/N ratio and isotopic signa-
ture, it may suggest that the SPM of Sikka and Sorong composed
of autochthonous sources.

The present result is similar to the previous study in Selayar
(Wahyudi and Afdal, 2019). The SPM of Selayar seagrass beds
also consists of seagrass-derived materials, especially E.
acoroides and T. hemprichii. Although, the SPM on seagrass eco-
system that may be disturbed by the anthropogenic activities
(e.g., Bintan Island) may show different tendencies, i.e., the ma-
jor contribution of C4 plant-derived materials (Wahyudi and Af-
dal, 2019).

It is expected that in seagrass ecosystems categorized as relat-
ively undisturbed, SPM will be mainly composed of seagrass de-
tritus (Wahyudi and Afdal, 2019). These findings suggest that
SPM tends to be autochthonous, although the C/N ratio indic-
ates the influence of terrigenous sources. A similar result was re-
ported by Saavedra-Hortua et al. (2020) who found that SPM in
seagrass ecosystems exhibited a high percentage of oceanic
sources such as seagrass detritus and phytoplankton. However,
terrestrial sources may contribute significantly as well. This SPM
profile is typical for seagrass ecosystems, especially those that co-
occur with other ecosystems, such as mangrove forest.

4.2  Downward transport of SPM has a high potential contribu-
tion to carbon burial
SPM at Sikka has lower vertical carbon and nitrogen flux than

those at Sorong (Table 1). The geolocation of both sites may af-
fect the SPM flux. The coastal waters at Sorong directly affected
by the water mass and current from the Pacific Ocean, while the
Sikka coastal area located at a bay of Sumbawa Island with water

mass from Java Sea or Makassar Strait. The rainfall at Sumbawa
relatively lower than that at West Papua (Sachoemar and Yanagi,
2001). This condition may affect the terrestrial inputs to the
coastal ecosystem that make a lower SPM flux in Sikka compared
to Sorong.

The SPM flux of the present study was also compared to the
previous one i.e. at Bintan Island where the SPM rate recorded as
86–106 mg/(m2·h) (according to carbon) (Wahyudi et al., 2016).
SPM at Sorong seems comparable to SPM at Bintan Island. The
vertical nitrogen flux of Sikka and Sorong is also far lower than
Bintan, at around 27–34 mg/(m2·h) (according to nitrogen)
(Wahyudi et al., 2016). Bintan Island tends to have low water per-
meability and water storage capacity because of its rock and soil
formation (Narulita et al., 2019) and these influence the water
run-out that brings particulate matter to the coastal area. The soil
condition of Bintan Island seems different to those in Sikka and
Sorong, on which run-out tends to contribute to SPM sources.

The carbon vertical carbon flux of seagrass meadows of Sor-
ong and Sikka is comparable to those in Vietnam and Philip-
pines. Previous study by Kennedy et al. (2004) reported the or-
ganic carbon vertical flux of seagrass meadows of Vietnam and
Philippines around (32±3) mmol/(m2·d) to 700 mmol/(m2·d).
This value equal to 16.01 mg/(m2·h) (according to carbon) to
350.31 mg/(m2·h) (according to carbon), that comparable to car-
bon vertical flux on Sikka or Sorong. Comparing to those repor-
ted by Kennedy et al. (2004), vertical carbon flux of Sorong’s SPM
is categorized moderate value (129.45±53.79) mg/(m2·h) (accord-
ing to carbon).

Considering the seagrass extent of Sikka (283.39 hm2), the po-
tential vertical carbon flux of SPM can be estimated as up to 4.25
tons C per day. Meanwhile, considering the seagrass area at the
Sorong study site (Nana Island and Sop Island, recorded as 0.037 hm2

and 0.084 hm2, respectively), the downward carbon flux can be
estimated as 1.16–2.60 kg (according to carbon) per day. Since
the SPM of seagrass ecosystem of both area composed primarily
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Fig. 5.   The decomposition rate of SPM from seagrass ecosystems as expressed on organic cabon (Corg) and total nitrogen (Ntot). Black
dashed line (and ӿ symbol) shows the linear regression of decomposition rate of SPM’s organic carbon for the 48 h; blue line (and blue
filled circle) shows the polynomial regression of organic carbon decomposition rate for the whole experiment periods; red dashed line
(and red filled triangle) shows decomposition rate of SPM’s total nitrogen. Shaded area shows the standard deviation.
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by seagrass detritus, the present study shows the flux that be-
come potential for carbon burial. As mentioned previously by
Holmer and Olsen (2002), that up to 36% of the remineralized
seagrass detritus will be distributed to the whole ecosystem or the
adjacent area.

Given the confirmed seagrass extent of Indonesia of about
293 464 hm2 (Sjafrie et al., 2018), and using the minimums of
62.52 mg/(m2·h) (according to carbon) and 129.45 mg/(m2·h)
(according to carbon), respectively, the total SPM flux downward
to the floor of seagrass beds can be expected to be between 183.47 t/h
(according to carbon) and 379.89 t/h (according to carbon).
These values can be used to estimate the carbon flux depending
on the period of submersion for each area. Given the carbon flux
value contributed by SPM, it shows the importance of the contri-
bution of SPM to carbon burial in seagrass beds.

However, the dynamics of SPM distribution and flux depend
on many factors. Physical properties of SPM such as particle size
and settling velocity may affect the fluxes (Fettweis and Baeye,
2015). Seasonal variation of SPM concentration, as well as phys-
ical oceanographic factors, may affect distribution and flux
(Fernandes et al., 2009; Fettweis and Baeye, 2015). Moreover, act-
ive resuspension/deposition due to turbulent mixing may affect
SPM flux (Zhang et al., 2007). Considering these kinds of factors,
estimation of the SPM contribution to large-scale carbon burial
requires collection of several in situ observation data sets that
represent different sites.

4.3  Decomposition process shows the potential fate of SPM in car-
bon burial
Because of the likely percentage of decomposed SPM, i.e. a

maximum of 2.7%, an insignificant amount of SPM decomposi-
tion may be expected. However, failure to estimate this decom-
position will lead to overestimation of SPM flux and potential car-
bon burial. For instance, if carbon burial through SPM down-
ward flux in Indonesia is estimated at between 183.47 t/h (ac-
cording to carbon) and 379.89 t/h (according to carbon), about
4.95–10.26 t/h (according to carbon) would be decomposed,
leaving a maximum of 369.63 t/h (according to carbon).

The decomposition rate of SPM as estimated between
5.9 μg/(mg·d) (according to carbon) and 26.6 μg/(mg·d) (accord-
ing to carbon) may suggest an insignificant value. A similar study
of particulate organic matter (POM) by Seiki et al. (1991) sugges-
ted that the labile fraction (i.e. 70%–80%) was completely decom-
posed within 40 d at 20°C. Meanwhile, 20%–30% of POM (i.e. the
refractory fraction) would remain or be only partly decomposed.
Therefore, it can be expected that a little part SPM of seagrass
meadows may be composed of the refractory fraction. The slight
tendency of SPM to be composed of terrigenous end-members is
relevant since terrigenous sources show a significant contribu-
tion to the refractory particles (Volkman et al., 2008). However,
this present study suggest the main contributor of the SPM is
autochthonous (i.e. E. acoroides detritus). Rates of seagrass de-
composition (usually <1% of dry wt per day) are generally low
compared with other vascular macrophyte sources of detritus
(Harrison, 1989). Thus, the low decomposition rate of SPM as es-
timated in the study site may be caused by the main composition
of the SPM. However, the short incubation time may also affect
the decomposition rate estimates.

The total nitrogen decomposition value of the SPM with an
insignificant rate (R2=0.377 2) shows the dynamic aggregation–
disaggregation process of SPM. Furthermore, there is a possibil-
ity that after 48 h, the SPM organic carbon and nitrogen may in-
crease although never reaching the starting value of organic mat-

ter. There are several possibilities regarding the increase of the
organic matter value after 48 h of incubation, such as being con-
tributed to by the increase of microbes, the remineralization pro-
cess, and fixation of transparent exopolymer particles (TEP). Par-
ticulate matter decomposition shows a non-linear decrease of or-
ganic matter reflecting the role of bacterial assemblages during
downward flux (Karl et al., 1988). Furthermore, extracellular dis-
charges of polysaccharides and proteins from the bacteria may
occur into particulate transparent exopolymer particles (p-TEP)
in the water column (Bar-Zeev et al., 2009; Dehwah et al., 2019).

However, another reason for SPM decomposition rate not ex-
hibiting linear correlation may be underestimation or overestim-
ation. Although the SPM was incubated in a closed system within
the tube and placed in the field with temperature and salinity
matching actual conditions, several aspects are likely to be un-
controllable, including the microbe community dynamic and
dissolved matter production. In order to elucidate this condition,
it is suggested that future research should compare and overlay
the decomposition rate of SPM with the forming of dissolved ma-
terials (i.e. dissolved organic matter) and TEP within the water
column. Furthermore, microbiology analysis may be performed
e.g., microbe cell counting following the potential change of SPM
over time.

Some weakness of in situ SPM incubation may have caused
discrepancies that occurred in the present study. Since a micro-
scaled closed system was used in which SPM was put into tubes
with plastic lids. Saturated organic matter might have occurred
during the 96-h incubation period since there was no seawater
exchange. For further research, it is suggested that water-per-
meable membrane lids be used that could ensure the physical
condition (temperature, salinity, pH) of the seawater inside and
outside the tube is homogenous. The other weakness is the de-
structive or non-continuous sub-sampling approach, i.e. differ-
ent tubes for each sub-sampling. This non-continuous approach
is appropriate but should use more replication to ensure statistic-
ally robust data.

Although the present study is still far from complete as a res-
ult of the weaknesses explained above, enabling estimation of de-
composition rate may lead to more exact carbon burial estima-
tion in seagrass ecosystems as contributed by SPM. Further study
may be conducted using a different approach and/or by adding
sampling sites that may represent a wider-scale spatial area.

5  Conclusion
The present research suggests several findings on SPM dy-

namics in seagrass ecosystems. Carbon deposition at the bottom
of the seagrass ecosystem is partly contributed to by downward
flux of SPM. The profile of SPM in the seagrass ecosystems of Sor-
ong and Sikka shows an autochthonous tendency with the
primary composition of marine-end materials. The decomposi-
tion process of SPM within the water column may contribute to
the total carbon budget exported to the bottom of the seagrass
ecosystem. The decomposition rate was estimated at 5.9 μg/(mg·d)
(according to carbon) to 26.6 μg/(mg·d) (according to carbon).
Considering the total downward flux of SPM in the study site, the
maximum decomposed SPM at Sorong and Sikka was estimated
at 39.9 mg/(m2·d) (according to carbon) and 82.6 mg/(m2·d) (ac-
cording to carbon), respectively. Therefore, the decomposed
SPM is 0.6%–2.7% of the total SPM flux. This proportion indicat-
ing the little amount of the decomposed SPM compared to the
total flux. This SPM decomposition may lead to the overestima-
tion of carbon burial, even though the decomposition value may
be negligible. Further study can be conducted using a technically
adjusted approach.
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