
Marine Pollution Bulletin 176 (2022) 113432

Available online 24 February 2022
0025-326X/© 2022 Elsevier Ltd. All rights reserved.

Blue carbon storage in Fijian seagrass meadows: First insights into carbon, 
nitrogen and phosphorus content from a tropical southwest Pacific Island 

Shalini Singh a,b,*, Monal M. Lal c,d, Paul C. Southgate c, Morgan Wairiu a, Awnesh Singh a 

a Pacific Centre for Environment and Sustainable Development, The University of the South Pacific, Lower Laucala Campus, Laucala Bay Road, Suva, Fiji 
b College of Agriculture, Fisheries and Forestry, Fiji National University, Koronivia, Nausori, Fiji 
c Australian Centre for Pacific Islands Research and School of Science, Technology and Engineering, University of the Sunshine Coast, Maroochydore, Queensland 4558, 
Australia 
d Discipline of Marine Studies, School of Agriculture, Geography, Environment, Ocean and Natural Sciences, University of the South Pacific, Lower Laucala Campus, 
Laucala Bay Road, Suva, Fiji   

A R T I C L E  I N F O   

Keywords: 
Blue carbon 
Sediment storage 
Biomass 
Seagrass 
Intertidal habitats 
Fiji 

A B S T R A C T   

Seagrasses provide vital ecosystem services which include the accumulation and storage of carbon and nutrients 
in sediments and biomass. Despite their importance in climate change mitigation and adaptation, seagrass 
ecosystems have been poorly studied, particularly in the Pacific. Therefore, the present study assessed variability 
in sedimentary and vegetative C, N and P storage in three monospecific seagrass meadows (Halophila ovalis, 
Halodule pinifolia and Halodule uninervis), reporting baseline data for the first time. Sediment Corg stocks ranged 
from 31 to 47 Mg C ha− 1 and varied (p < 0.001) between seagrass meadows, unvegetated areas and locations. 
Comparison of N and P storage between vegetated meadows and unvegetated areas revealed differences (p <
0.05); implying seagrass meadows function as C, N and P sinks. Differences in species composition and envi-
ronmental conditions, may play a key role in estimating C, N and P stocks, which are valuable data for con-
servation and monitoring of seagrass ecosystems.   

1. Introduction 

Seagrasses grow along the coastlines of every continent except 
Antarctica (Short et al., 2007; Nordlund et al., 2017) covering a mere 
0.1% of the ocean surface and providing more than twenty-four 
ecosystem services for humans (Christianen et al., 2013; Nordlund 
et al., 2017). In addition, they store up to 10–18% of the total ocean 
carbon mass each year (Duarte et al., 2005; Fourqurean et al., 2012; 
Campbell et al., 2015; Bedulli et al., 2020) and are responsible for 
capturing up to 55% of atmospheric carbon (Nellemann et al., 2009). 
Known as “Blue Carbon” (Nellemann et al., 2009), this reserve is stored 
as sediments in mangroves, salt marshes and seagrass meadows. Recent 
studies have demonstrated that seagrass meadows play a vital role in 
climate change mitigation and adaptation (McLeod et al., 2011; Four-
qurean et al., 2012; Serrano et al., 2018; Mazarrasa et al., 2018). 

Research has also established that seagrass carbon storage rates are 
up to 35 times greater than that of tropical rainforests (McLeod et al., 
2011; Fourqurean et al., 2012), with seagrass meadows retaining and 
accumulating both autochthonous and allochthonous carbon reserves 

(Kennedy et al., 2010), while also exporting these to adjacent areas or 
the deep sea for long-term storage (Laruelle et al., 2010). Seagrass 
meadows consist of different species that vary in size, form, growth and 
turnover rates, and may be persistent or transitory (Kilminster et al., 
2015). As a result, carbon sequestration in seagrass meadows vary in 
different regions (Lavery et al., 2013; Serrano et al., 2018) and within 
meadow landscapes themselves (Gullström et al., 2018; Ricart et al., 
2017; Juma et al., 2020). 

Den Hartog and Kuo (2006) recognized over 70 species of seagrasses 
that vary widely in their morphological characters relevant to carbon 
capture and storage. As a result, seagrass species differ in their biomass 
and productivity (Serrano et al., 2014), ratios of carbon (C), nitrogen (N) 
and phosphorus (P) (Mateo et al., 2006), and preferred local environ-
mental conditions (Serrano et al., 2014). Increases in anthropogenic 
nutrient supply can alter plant biomass as organic carbon storage po-
tential in the soil may be positively linked to seagrass productivity that is 
sensitive to nutrient (e.g., nitrogen and phosphorus) input, often 
decreasing because of light limitation during algal blooms thus, altering 
soil carbon storage potential in seagrass meadows (Armitage and 
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Fourqurean, 2016). Rozaimi et al. (2013) suggested that seagrass species 
composition may possibly play a key role in the C storage potential of 
different seagrass meadows, while Duarte et al. (2010) pointed out that 
for most of the world's seagrass species, there is little knowledge of their 
C stocks. Thus, the increasing rate of global degradation, along with loss 
of mature C storage ecosystems (such as during coastal development), 
requires implementation of efficient protection measures. Similarly, in 
the Western Pacific, seagrass habitats face a number of threats from 
increasing urbanisation including declines in water quality, loss of 
biodiversity and erosion of habitat structure (Orth et al., 2006; Short 
et al., 2014), thus promptly requiring knowledge and insight into the C 
storage capacity of seagrasses for better management of these ecosys-
tems (Serrano et al., 2014). 

Based on a global dataset, Fourqurean et al. (2012) reported C 
variability in seagrass biomass to be over five-orders of magnitude 
(ranging from 0.001–23.382 Mg Corg ha− 1), while an 18-fold difference 
was observed among Australian seagrasses (Lavery et al., 2013) while 
soil C demonstrated similar variation (ranging from 0.002 to 48.238 (% 
DW)) (Campbell et al., 2015). Thus, recognition of seagrass species and 
seagrass meadow C data cannot rely on a “universal approach”, because 
current regional and global estimates of C stocks and accumulation rates 
are based on limited datasets (Fourqurean et al., 2012; Lavery et al., 
2013; Serrano et al., 2018; Bedulli et al., 2020). The Pacific region in 
particular has been identified as having inadequate information on C 
storage in tropical seagrass species and meadows (Macreadie et al., 
2014). 

The importance and value of seagrass resources in Melanesia is clear, 
with an estimated value of $151.4 billion USD compared to coral reefs 
(USD145.7 billion), marine fisheries (USD124.1 billion) and mangrove 
resources (USD109.6 billion) (Hoegh-Guldberg et al., 2016), and com-
munities are highly dependent on these resources for food and income 
generation. Singh et al. (2019) for example, reported that studies on 

seagrasses in the Fiji Islands are very limited, with only one detailed 
study of biological processes relating to the nutrient dynamics of C and N 
conducted with Syringodium isoetifolium (Yamamuro et al., 1993). A 
study by McKenzie and Yoshida (2020) examined seagrass tissue nu-
trients of Halodule spp. in coastal habitats, indicating an increase in 
nitrogen availability relative to the rate of leave growth and incorpo-
ration of C at the coastal areas. Similarly, the geographic distribution of 
seagrasses in Fiji remains to be adequately documented, although 59.19 
km2 of seagrass meadows have been mapped to date with high confi-
dence (McKenzie and Yoshida, 2020), assessment of their capacity for C 
storage is still limited. Hence evaluation of blue C stocks and variability 
among seagrass meadows is required, as a basis for inclusion of seagrass 
habitats into national climate change adaptation and mitigation policies 
and programmes. 

The aims of this study were to determine organic carbon (Corg), ni-
trogen (N) and phosphorus (P) contents within three seagrass species 
(Halodule uninervis, H. pinifolia and Halophila ovalis), and in vegetated 
sediments at two sites in Fiji. Bare sediments were also sampled and 
studied in order to determine “baseline” Corg, N and P stocks in the 
absence of a seagrass meadow. We hypothesised that seagrass meadows 
with a lower vegetative biomass contain less Corg, N and P, compared to 
those with a higher biomass. Our goal was to add to the growing body of 
literature investigating variability in Corg, N and P contents within sea-
grass meadows. 

2. Materials and methods 

2.1. Study area 

This study was conducted at Nasese, Suva (18◦9′28′′S, 178◦26′47′′E) 
and Korotogo, Sigatoka (18◦10′12′′S, 177◦31′53′′E), along the southern 
coast of Viti Levu, Fiji (Fig. 1). The climate of Fiji may be categorised as 

Fig. 1. Map of the Fiji showing the two study sites located in the southeast (Rewa River) and southwest (Sigatoka River) of Viti Levu. 
Source: The map base layer has been adapted from Lal et al. (2016). 
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an oceanic tropical marine climate with annual rainfall ranging from 
1800 to 2600 mm (Singh et al., 2019). The average air temperature is 
25 ◦C, but ranges from 18 ◦C to 30 ◦C in summer months. The islands 
have distinct wet and dry zones, the former located in the southeast 
region of Viti Levu, while the north and west are usually drier. The dry 
season is from May to October, and the wet season from November to 
April. Tides are generally diurnal, with an annual mean tidal range of 
1.1 m. The mean range of neap tides is 0.9 m and spring tides is 1.3 m, 
and inshore sea surface temperatures have an annual average of between 
24 ◦C to 31 ◦C. 

The study sites selected are adjacent to two of the largest river sys-
tems in the Fiji, the Rewa and Sigatoka Rivers located on the southern 
coast of Viti Levu (Fig. 1). The Rewa River empties into Laucala Bay and 
the shoreline along the eastern side of Laucala Bay is largely covered by 
mangroves, and has a wide intertidal zone composed of very fine- 
grained mud, silt and sand from five relatively smaller rivers which 
feed into it (Pohler and Collen, 2006). Furthermore, situated along the 
coastline on the eastern side of the Sigatoka River, Korotogo has a wide 
fringing reef flat interrupted by a narrow channel. Laucala Bay is 
perhaps the best studied seagrass ecosystem in Fiji, with accompanying 
water quality and sediment information. Therefore, it was selected here. 
On Viti Levu, the largest seagrass meadows are situated in river delta 
environments located along the south eastern coastline, extending to 
intertidal reef platforms and mudflats. 

We chose to focus on H. uninervis, H. pinifolia and H. ovalis as these 
three species are dominant in all Fijian meadows as per limited previous 
studies on species composition. They are widely distributed throughout 
the Viti Levu coastline forming dense or patchy beds (Singh et al., 2019). 
Brief descriptions of the morphological characteristics of Halodule are 
very similar based on the shape of the leaf tip (trident or rounded) and 
leaf blade width which is either narrow or wide (Singh et al., 2021). 
Halophila are minute and fragile, without stripe-like long leaf blades, but 
rather oval shaped leaves in pairs (McKenzie and Yoshida, 2020; Singh 
et al., 2021). Moreover, species of both genera grow in shallow intertidal 
to subtidal waters directly adjacent to coastal areas in sand/mud banks 
(Singh et al., 2021). At each location, sampling was performed in 
intertidal areas in seagrass meadows dominated by either H. uninervis, 
H. pinifolia or H. ovalis, as well as unvegetated areas adjacent to the 
seagrass study site. Sampling locations were chosen at random and only 
the top 10 cm of sediment was analyzed (Singh et al., 2021). Because 
previous work (Pohler and Collen, 2006) had indicated that sediments in 
the area were predominantly mud, so no specific particle analysis was 
completed. Sampling of the three different seagrass species aimed to 
determine whether seagrass species composition influences the Corg 
sequestration capacity of seagrass meadows compared to adjacent 
unvegetated sediments. 

2.2. Sediments and biomass sample collection 

Fieldwork was conducted in the peak seagrass growth period in wet 
season (November 2017 to February 2018), during which seagrass 
biomass and sediments were sampled at both sites. Sampling was con-
ducted using a linear transect and quadrant (50 cm × 50 cm) method to 
obtain sediments and seagrass biomass within each quadrant (Kim et al., 
2017). Sampling was accomplished at each site by selecting 15 stations 
along a transect line (Ricart et al., 2015). The seagrass habitats of 
H. uninervis (n = 15), H. pinifolia (n = 15) and H. ovalis (n = 15) were the 

dominate species present at all sampling sites. 
Sampling at each location was carried out by selecting 15 stations 

every 5 m along a shore-perpendicular transect line as described by 
standard Seagrass-Watch methods (http://www.seagrasswatch.org). 
Within each station, three replicate sediment cores (~20 cm apart) were 
collected at different positions within the quadrat targeting the top 10 
cm of sediment which was within the depth range influenced by root 
growth (Greiner et al., 2013), since the focus of this study was Corg 
storage within the upper zone. Cores of sediment were sampled at low 
tide by manually inserting a PVC pipe corer (30 cm length, 5 cm internal 
diameter) into the substrate. A total of 360 sediment cores were sampled 
in order to cover all areas of seagrass distribution within 160 ha of the 
sampling sites. 

Sediment compaction may have influenced the relative content of 
sedimentary carbon and therefore this was determined by recording the 
difference in length from the upper part of the core to the sediment 
surface, both inside and outside the corer, when inserted into the sedi-
ment (Gullström et al., 2018). This core shortening was calculated to be 
on average 7.7 ± 1.4 cm (mean ± SD), and was corrected for in the data. 
Sites were geolocated in the field with a handheld GPS unit (Garmin 
eTrex10). Geographical coordinates for each station at the two sites are 
reported in Supplementary material, Table S1. These sites were 
distributed along the coastlines and at depths ranging from 0.1 to 0.5 m. 

Seagrass biomass materials (high density areas ≥70%) were har-
vested within a 0.50 m2 quadrat and, cleaned using seawater to remove 
accompanying debris, and transported in labelled Ziploc® plastic bags 
to the laboratory. Epiphytes were removed by gently scraping seagrass 
leaves with a microscope slide. We saw no sign of herbivory (bites or 
grazing marks) in the collected leaf samples. Cleaned seagrass tissue was 
dried at 60 ◦C until a constant weight was achieved for 48 h (Armitage 
and Fourqurean, 2016). Dried seagrass material was then weighed to 
determine individual species and total seagrass biomasses (Belshe et al., 
2018). Dry samples of each species were pooled within each replicate 
and homogenized in preparation for wet titration analysis. Total 
biomass was determined by multiplying the biomass with the carbon 
conversion factor of 0.34 and extrapolation done per hectare (IPCC, 
2014). 

Soil samples of known volumes were picked free of living plant tissue 
in situ and stored in labelled Ziploc® bags following collection, then 
transported to the laboratory for further processing on the same day. In 
the laboratory, the sediment was homogenized and cleaned of larger 
shells, in-fauna, and plant material before drying (Gullström et al., 
2018). Sediment samples were dried at 60 ◦C and weighed to determine 
dry bulk density (DBD), which was calculated using the following 
equation described by Howard et al. (2014):   

The Corg, N, and P contents of the sediments and seagrass biomass 
were measured. Sediment Corg content was calculated from the %Corg 
and the dry bulk density data, and reported in g C cm− 3 for the top 10 cm 
of the sediment. Carbon content for each species were summed to 
calculate total seagrass carbon stocks in each plot (Table 1), and the 
method described in Howard et al. (2014) was used to assess the Corg 
content of the soils using the following equation: 

Dry bulk density
(
g cm− 3) = mass of dry sediment (g)

/
original volume sampled

(
cm3) (1)   
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Sediment organic carbon stock
(
g C cm− 2)

= bulk density
(
g cm− 3)× sediment depth (cm)×Corg (%) (2) 

An average amount of carbon was then obtained for the three cores 
in each quadrat for sediment Corg as follows:  

To determine the amount of carbon in the two seagrass meadows, the 
carbon stocks for each species was summed up for each site and the sum 
multiplied by the sampling area (Juma et al., 2020). The variabilities 
and errors associated with the measurements were determined by 
calculating the standard error for each species at each site and multi-
plying by the area of the sampling site (Juma et al., 2020). 

2.3. Carbon, nitrogen and phosphorus extraction 

Organic carbon contents of the dry weight (DW) seagrass samples, 
vegetated and unvegetated soil were obtained using the Walkley and 
Black method (Schumacher, 2002). Determination of nitrogen content 
was made by the Kjeldahl digestion technique (Duarte, 1990); where the 
samples were steam distilled and titrated with dilute hydrochloric acid. 
Determination of phosphorus concentration followed a molybdate pro-
cedure after persulfate digestion (Duarte, 1990). Phosphorus percentage 
was calculated using a spectrophotometer (Perkin Elmer Lambda 365), 
examining the absorbance reading at 880 nm. All analyses were carried 
out at the chemistry laboratory of the Koronivia Research Station, 
Ministry of Agriculture, Koronivia, Fiji. 

2.4. Data analysis 

2.4.1. Descriptive statistics 
Exploratory data analysis was carried out in order to check the 

variability and distribution of each variable: percentage C, N and P 

contents. All data were tested for homogeneity of variance and 
normality with Levene's and Shapiro–Wilk tests, respectively, and where 
necessary Box-Cox transformed. Testing for differences among com-
munities, meadows and sites was carried out using a two-way fixed 
factor Analysis of Variance (ANOVA). Tukey's HSD (honestly significant 
difference) test was performed to distinguish differences among and 
between seagrass plant tissues and sediment. Confidence intervals 
(95%) and p-values obtained for the ANOVA and Tukey's tests were used 
to consider differences in sediments, seagrass species and meadow as 
direct effects, along with their interaction. Non-transformed values 
(mean ± SE) are shown in figures and tables. All analyses were per-
formed using R statistical software version 3.6.3 (R Core Team, 2020) 
using the following packages: basic, car, and mass. 

3. Results 

Our results show that C, N and P storage and accumulation varied 
within sediments and seagrass biomass. Seagrass biomass had a higher 
standing stock of total C, N and P than those in sediments (Table 1). C, N 
and P contents in unvegetated areas were lower than in seagrass vege-
tated areas. Mean values, (±SE) and trends in the levels of each 
parameter in both sediments and seagrass biomass are summarized in 

Table 1 
Mean (±SE) organic carbon (%Corg), nitrogen (N) and phosphorus (P) in sediment-related variables and seagrass-related variables in different habitats. Estimated Corg 
stocks in sediments of different seagrass species. Values are at depth of top 10 cm for the 15 plots at both study sites. Carbon stored in sediments was calculated based on 
Howard et al. (2014). Seagrass biomass carbon was calculated based on IPCC (2014).  

Study site 
Habitat 

Dry bulk 
density 
(g cm− 3) 

Range 
Corg (%) 

Sediment Total Biomass 

Corg 

(%) 
N (%) P (%) C stock 

(gCcm− 2) 
C stock 
(MgCha− 1) 

Range 
Corg (%) 

Corg 

(%) 
C stock 
(MgCha− 1) 

N (%) P (%) C:N:P Wt 
ratio 

Nasese 
Halophila 

ovalis 
0.75 ±
0.02 

0.38–0.96 0.56 
±

0.04 

0.03 ±
0.01 

0.008 ±
1.0 ×
10− 3 

0.40 ±
0.03 

40.0 ± 4.8 1.2–3.3 2.0 
±

0.1 

0.040 ±
0.55 

1.66 
±

0.08 

0.33 
±

0.05 

7500:40:1 

Halodule 
pinifolia 

0.78 ±
0.02 

0.38–0.96 0.58 
±

0.04 

0.04 ±
0.01 

0.010 ±
1.0 ×
10− 3 

0.50 ±
0.05 

50.0 ± 8.0 2.6–3.4 3.0 
±

0.1 

0.060 ±
0.55 

1.96 
±

0.10 

0.28 
±

0.02 

8900:40:1 

Halodule 
uninervis 

0.76 ±
0.01 

0.57–1.05 0.62 
±

0.05 

0.04 ±
0.01 

0.009 ±
1.0 ×
10− 3 

0.50 ±
0.03 

50.0 ± 4.5 2.5–3.3 2.9 
±

0.1 

0.060 ±
0.55 

1.59 
±

0.12 

0.17 
±

0.02 

8778:41:1 

Unvegetated 
area 

0.44 ±
0.01 

0.19–0.48 0.32 
±

0.02 

0.056 
±

0.004 

0.004 ±
1.0 ×
10− 3 

0.20 ±
0.01 

18.0 ± 1.6        

Korotogo 
Halophila 

ovalis 
0.46 ±
0.03 

0.29–0.67 0.50 
±

0.03 

0.06 ±
0.01 

0.003 ±
5.0 ×
10− 4 

0.20 ±
0.01 

22.0 ± 2.4 5.5–11.3 8.1 
±

0.5 

0.016 ±
0.707 

1.46 
±

0.06 

0.27 
±

0.02 

7900:19:1 

Halodule 
pinifolia 

0.34 ±
0.03 

0.27–1.07 0.81 
±

0.06 

0.17 ±
0.08 

0.0009 
± 9.0 ×
10− 5 

0.30 ±
0.02 

26.6 ± 3.4 5.9–11.6 9.1 
±

0.5 

0.018 ±
0.707 

1.21 
±

0.08 

0.15 
±

0.02 

26,700:82:1 

Halodule 
uninervis 

0.46 ±
0.03 

0.68–1.27 0.95 
±

0.06 

0.10 ±
0.01 

0.001 ±
5.0 ×
10− 4 

0.40 ±
0.03 

43.2 ± 4.6 5.7–11.8 8.9 
±

0.4 

0.018 ±
0.632 

0.82 
±

0.04 

0.13 
±

0.02 

20,154:77:1 

Unvegetated 0.36 ±
0.02 

0.28–0.78 0.46 
±

0.04 

0.08 ±
0.01 

0.0005 
± 4.0 ×
10− 5 

0.20 ±
0.02 

16.7 ± 2.5        

Total core carbon (Mg C/ha − cm) = Summed core carbon
(
g
/

cm3)×(1 Mg/1, 000, 000 g)×
(
100, 000, 000 cm2/1 ha

)
(3)   
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Table 1. Significant variation (p < 0.05) was recorded for the levels of C, 
N and P in sediment and seagrass biomass with the latter consistently 
displaying high contents of C, N and P. The soil Corg pool comparison 
from the two sites showed that Nasese soils had higher values ranging 
from 0.40 to 0.50 g C cm− 2 than Korotogo soils, which ranged from 0.22 
to 0.43 g C cm− 2. Meanwhile, Corg content was found to be higher in 
meadows comprised of H. uninervis and H. pinifolia than H. ovalis 
(Table 1). High levels of N and P were observed in the seagrass biomass 
of H. pinifolia and H. ovalis compared to H. uninervis, while soil levels 
were low but significantly different among sites and meadows (Tables 1, 
2). Soil dry bulk density in meadows at Korotogo (0.46 ± 0.03 g cm− 3) 
was lower, while seagrass soils at Nasese (0.78 ± 0.02 g cm− 3) had 
higher values. Soil biogeochemical characteristics (dry bulk density and 
Corg content (in % and g cm− 3)) differed among study sites and 
meadows. 

3.1. Variability of sedimentary and biomass Corg stocks 

In general, the mean biomass Corg content (2.88 ± 0.15% DW) was 
found to be higher (0.5–6 times depending on meadow type) than the 
mean sediment Corg content (0.69 ± 0.04% DW). Moreover, the mean 

Table 2 
Summary of two-way ANOVA and post hoc Tukey's test for the effects of site, unvegetated and vegetated areas, C, N and P on sediments and seagrass biomass of 
Halophila ovalis, Halodule pinifolia and Halodule uninervis. Bold indicates statistically significant effects at p ≤ 0.05.   

Ccarb/Corg N P 

df F value P value Df F value P value Df F value P value 

Sediments 
Site  1  22.53  <0.001  1  40.96  <0.001  1  1510.53  <0.001 
Unvegetated *Vegetated  3  33.52  <0.05  3  3.966  <0.05  3  12.59  <0.001 
Ho*Unvegetated  0.14   0.01  − 0.04   0.02  ¡1.81   0.0000 
Hp*Ho  0.17   <0.01  0.03   0.20  1.19   0.001 
Hu* Ho  0.28   <0.01  0.04   0.02  0.93   0.014 
Hp*Unvegetated  0.30   0.0000  − 0.01   0.75  − 0.61   0.179 
Hu*Unvegetated  0.41   0.0000  0.001   0.99  − 0.89   0.019 
Hu*Hp  0.11   0.07  0.014   0.73  − 0.27   0.79 
Sample*Site  0.15   <0.001  0.06   0.0000  8.25   0.0000  

Whole plant 
Site  1  161.81  <0.001  1  2414.70  <0.001  1  490.05  <0.001 
Seagrass tissue  2  20.45  <0.001  2  6.328  0.00273  2  13.33  <0.001 
Ho*Hp  35.39   0.0000  ¡0.060   0.003  0.17   <0.001 
Ho*Hu  29.09   <0.001  − 0.047   0.024  0.19   <0.001 
Hp*Hu  − 6.31   0.54  0.012   0.77  0.031   0.72 
Sample*Site  ¡61.33   0.0000  0.717   0.0000  0.73   0.0000  

Fig. 2. Mean (±SE) sediment organic carbon (Corg; in light grey and presented 
on the primary vertical (left) axis) and biomass organic carbon (Corg; in dark 
grey and presented on the secondary vertical (right) axis) contents (% dry 
weight) in sediments in seagrass meadows (with seagrasses separated at the 
species/genus level) and unvegetated areas pooled. The carbon levels of each 
sample type vary significantly across vegetated and unvegetated sites; to show 
this, for each sample type, different letters per different seagrass beds were 
used; Tukey's test, α = 0.001. 

Fig. 3. Percentage organic carbon in seagrass biomass only at Nasese (light 
grey) and Korotogo (dark grey). 

Fig. 4. Carbon stocks in sediments in seagrass meadows (in dark grey; with the 
three seagrasses, that is, Ho, Hp, and Hu sp., merged; for seagrass name ab-
breviations, see Fig. 2) and unvegetated areas (in light grey) in Nasese and 
Korotogo. The carbon levels of each sample type vary significantly across 
vegetated and unvegetated areas; to show this, for each sample type, different 
letters per different sites were used; Tukey's test, α = 0.001. 
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sedimentary Corg stock was higher in all seagrass meadows (ranging 
from 0.53 to 0.81%), than in unvegetated areas (mean 0.39 ± 0.03, and 
range of 0.19 to 0.78%). In the seagrass meadows biomass Corg content 
was observed to be lowest in H. ovalis meadows (5.05% DW; p < 0.05), 
while beds dominated by the two Halodule spp. recorded higher contents 
but did not significantly differ from each other (p = 0.01; Fig. 2). In 
addition, there was a significant difference between locations, as sedi-
mentary Corg was higher in seagrass meadows compared to unvegetated 
areas (ANOVA, F3,115 = 33.52, p < 0.05; Figs. 2, 3, 4). Seagrass meadows 
had higher mean sedimentary Corg stock than unvegetated areas at both 
locations (Fig. 4). The mean Corg storage in seagrass-vegetated sediment 
ranged from 0.2 to 0.5 g cm− 2, and was up to 2.5 times the levels in 
unvegetated areas (0.2 g cm− 2). When comparing both vegetated 
meadows, there was a significant effect on mean Corg storage (ANOVA, 
F1, 115 = 22.53, p < 0.001), which was also apparent at the two locations 
(diff = 0.15, p < 0.01; Fig. 4). 

3.2. Variability of seagrass biomass carbon Corg 

The seagrass biomass Corg was highest in H. uninervis beds ranging 
from 1.8–6.9%, with a mean of 3.2 ± 0.3% (n = 30), followed by 
H. pinifolia ranging from 1.7–3.5%, with a mean of 2.8 ± 0.2%, while 
H. ovalis had the lowest values ranging from 0.8–4.6%, with a mean of 
2.7 ± 0.3% (Table 3; Fig. 2). Seagrass biomass comparisons between 
locations reveal that Korotogo seagrasses store more carbon compared 
to those at Nasese (Fig. 3). Refer to Supplementary material, Table S2 for 
combined values discussed above. A two-way ANOVA was conducted to 
examine the interaction between seagrass species and locations on 
biomass Corg contents. When averaging over all meadows in which a 
species was sampled, the mean biomass Corg contents in the top 10 cm of 
different seagrass meadows differed significantly (ANOVA, F2, 86 =

20.45, p < 0.001; Fig. 2). Significant differences were apparent for 

H. ovalis between H. pinifolia (diff = 35.4, p < 0.01) and H. uninervis (diff 
= 29.1, p < 0.01), while both H. pinifolia and H. uninervis did not differ 
significantly from each other (p = 0.54). When comparing Corg contents 
in soil between seagrass meadows and unvegetated areas, the two study 
locations differed significantly (ANOVA, F1, 86 = 161.81, p < 0.001; 
Fig. 4). 

3.3. Variability of sedimentary and plant N 

Seagrass meadows had higher mean N content (0.76 ± 0.06%) than 
unvegetated areas (0.07 ± 0.01% of dry weight) at both locations 
(Fig. 5). The mean N content in seagrass sediment ranged from 
0.01–2.8%, while in unvegetated areas this dropped to 0.01–0.16% 
(Fig. 5). When comparing vegetated meadows and unvegetated areas 
there was a significant difference in N storage (ANOVA, F3,115 = 3.966, 
p < 0.05; Fig. 5), which was also apparent between the locations 
(ANOVA, F1, 115 = 40.96, p < 0.001; Fig. S1). However, significant 
differences between all the sediment samples were not observed in 
pairwise comparisons (p > 0.05). In the sedimentary N content com-
parison for vegetated and unvegetated areas Korotogo reported higher 
values than Nasese (Fig. S1). 

H. pinifolia had the highest mean seagrass biomass N content of 
0.7–2.8%, with a mean of 1.58 ± 0.09% (n = 30), followed by H. ovalis 
of 1–2.6%, with a mean of 1.56 ± 0.05%, while H. uninervis had the 
lowest of 0.6–2.1%, with a mean of 1.27 ± 0.09% (Fig. 5). The mean 
value of N in total biomass between the two locations were significantly 
different (ANOVA, F2,86 = 6.328, p < 0.01). While pairwise comparisons 
reveal significant differences apparent between H. ovalis and H. pinifolia 
(diff = − 0.06, p < 0.05) only, H. uninervis and H. ovalis (diff = − 0.05, p 
< 0.05) with H. pinifolia and H. uninervis (p = 0.77) did not differ 
significantly from each other. Moreover, sedimentary and seagrass 
biomass N content comparison was highly significantly different be-
tween the two locations (ANOVA, F1, 86 = 2414.70, p < 0.001; Fig. 5; 
Fig. S1). 

3.4. Variability of sedimentary and plant P 

Seagrass meadows had a higher mean P content (0.11 ± 0.01% DW) 
than unvegetated areas (0.0004 ± 3 × 10− 5% DW) at both locations 
(Supplementary material, Fig. S2). The mean P content in seagrass 
sediment ranged from 0.09 to 0.13%, while in unvegetated areas this 
varied from 0.0002 to 0.001% (Fig. 6). When comparing pooled 

Table 3 
Mean shoot height, shoot density and total biomass of the three seagrass species 
collected from the two study locations. Table adopted from Singh et al. (2021).  

Species Shoot height (cm− 1; 
mean ± SD) 

Shoot (ind. 
m2) 

Total biomass (g 
DWm− 2) 

Halophila 
ovalis 

2.89 ± 0.23 5668.00 ±
139.66 

3522.00 ± 159.22 

Halodule 
pinifolia 

10.88 ± 0.85 6450.00 ±
200.15 

5900.00 ± 201.47 

Halodule 
uninervis 

9.61 ± 3.61 8069.00 ±
189.99 

9693.20 ± 244.86  

Fig. 5. Mean (±SE) nitrogen content (% dry weight) in sediments in seagrass 
meadows (with seagrasses separated at the species/genus level) and unvege-
tated areas pooled. The nitrogen values are based on a sediment depth of 10 cm. 
The nitrogen levels of each sample type vary significantly across vegetated and 
unvegetated areas; to show this, for each sample type, different letters per 
different sites were used; Tukey's test, α = 0.001. 

Fig. 6. Mean (±SE) biomass phosphorus (% dry weight; in dark grey and 
presented on the primary vertical (left) axis) and sediment phosphorus (P%; in 
light grey and is presented on the secondary vertical (right) axis) in seagrass 
meadows (with seagrasses separated at the species/genus level) and unvege-
tated areas pooled. The phosphorus values are based on a sediment depth of 10 
cm. The phosphorus levels of each sample type vary significantly across vege-
tated and unvegetated areas; to show this, for each sample type, different letters 
per different sites were used; Tukey's test, α = 0.001. 
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vegetated meadows versus unvegetated areas, P contents were signifi-
cantly different (ANOVA, F3,115 = 12.59, p < 0.05; Fig. 6). Moreover, 
significant variability was observed in H. ovalis beds between H. pinifolia 
(diff = 1.19, p < 0.01), Halodule uninervis (diff = 0.92, p < 0.05) and bare 
sediment (diff = − 0.61, p < 0.01) and H. uninervis and bare sediments 
(diff = − 0.89, p < 0.05); whereas no significant differences were 
demonstrated for H. uninervis and H. pinifolia (p = 0.80), H. pinifolia and 
bare sediments (p = 0.18). When comparing vegetated meadows and 
unvegetated areas, there was a significant difference in P content and 
sites (ANOVA, F1,115 = 1510.53, p < 0.001; Fig. 6). 

H. ovalis had the highest seagrass biomass P contents of 0.2–1.3%, 
with a mean of 0.30 ± 0.04% (n = 30), while H. pinifolia had the second 
highest of 0.1–0.4%, with a mean of 0.22 ± 0.02%. Meanwhile 
H. uninervis had the lowest mean biomass P content of 0.05–0.3%, with a 
mean of 0.16 ± 0.01% (Fig. 6). There was interaction between seagrass 
species and P level (ANOVA, F2,86 = 13.33, p < 0.05; Fig. 6). Significant 
differences were apparent for H. ovalis and between H. pinifolia (diff =
0.16, p < 0.01) and H. uninervis (diff = 0.19, p < 0.01), while both 
H. pinifolia and H. uninervis did not differ significantly from each other 
(p = 0.72). The sedimentary and seagrass biomass P content was highly 
significant in the two locations (ANOVA, F1, 86 = 490.05, p < 0.001; 
Fig. 6; Supplementary material, Fig. S2). 

Mean shoot height, density and total biomass of the three seagrass 
species collected from the two study locations are summarized in 
Table 3. The results showed that H. ovalis (5668.00 ± 139.66 ind. m− 2) 
had a 1.4-fold lower shoot density than that of H. pinifolia (6450.00 ±
200.15 ind. m− 2) and H. uninervis (8069.00 ± 189.99 ind. m− 2). Sea-
grass biomass of H. ovalis (3522.00 ± 159.22 g DW m− 2) was 3-fold 
lower than that of H. uninervis (9693.20 ± 244.86 g DW m− 2); while 
H. pinifolia was 1.5-fold lower than that of H. uninervis. 

Water quality datasets were limited by location (e.g., only covering 
Laucala Bay at Nasese) and are adopted from Lal et al. (2021) - refer to 
Table 5. Lal et al. (2021) recorded over an 8-month period both spatial 
and seasonal variations, and compared parameters with guidelines for 
estuary waters from the Australian and New Zealand Environment and 
Conservation Council (ANZECC, 2000). Overall, temperature and pH 
values were within the acceptable range. The total dissolved solids were 
found to be high while total suspended solids low compared to ANZECC 
(2000) guidelines. Dissolved oxygen and chemical oxygen demand 
values were higher than the recommended limits for estuaries by 
ANZECC (2000). Moreover, the total nitrogen concentrations are 
notable, while the concentrations of total phosphorous in comparison to 
ANZECC guidelines are significantly above limits. 

4. Discussion 

This is the first study to focus on seagrass carbon often referred to as 
‘Blue carbon’, in Fiji, and our results confirm that seagrass meadows in 
this region can be carbon sinks. At the sites studied, soil Corg contents 
ranging from 0.50 to 0.95% (on average) were detected, which is lower 
than the global mean of 2.0% (median of 1.4%) reported by Fourqurean 
et al. (2012) and Campbell et al. (2015). When compared to estimates of 

Corg pools in seagrass meadows reported from other parts of the world 
(ranging from 0.20–1.44% (Lavery et al., 2013; Rozaimi et al., 2016; 
Samper-Villarreal et al., 2016; Gullström et al., 2018)), the values found 
in our study were low, but falling within the lower end of the global 
average. 

The soil Corg content of Nasese meadows in 10 cm-thick soils (0.47 g 
C cm− 2 on average) was higher than the Korotogo meadows (0.31 g C 
cm− 2 on average), demonstrating significant variability in Corg stock 
beneath different seagrass meadows. The low soil Corg content of both 
seagrass meadows is likely attributable to the influence of local physical 
parameters that regulate the physiological activity of seagrasses, natural 
phenomena that limit the photosynthetic activity of the plants and 
anthropogenic inputs that inhibit access to available plant resources 
(McKenzie and Yoshida, 2020). Additionally, possible variation in Corg 
stocks is influenced by multiple biological and environmental conditions 
such as species composition, nutrient limitations, hydrodynamic pro-
cesses, growth rates of the seagrasses and respiration in soil (Pedersen 
et al., 2011; Campbell et al., 2015; Serrano et al., 2018). Because of the 
low Corg content of the soils, total soil Corg stores were relatively low at 
our sites compared to the global average. 

The top 10 cm of soil Corg stores in Nasese averaged 47 Mg C ha− 1 

and 31 Mg C ha− 1 at Korotogo, whereas global estimates average 194.2 
Mg C ha− 1. Moreover, due to the relatively shallow sediment depth (10 
cm) used in this study, it is difficult to directly compare our results with 
those from other studies (Table 4) which usually assess sediment stocks 
based on deeper cores (e.g., ≥100 cm; Fourqurean et al., 2012; Campbell 
et al., 2015; Phang et al., 2015; Howard et al., 2017; Kindeberg et al., 
2018). In the context of the current study, important contributing factors 
toward soil Corg variability include differences in tropical versus sub-
tropical seagrass species and stature (Phang et al., 2015), meadow at-
tributes (Serrano et al., 2014; Armitage and Fourqurean, 2016; Samper- 
Villarreal et al., 2016), nutrient dynamics (Armitage and Fourqurean, 
2016), plant characteristics (Campbell et al., 2015; Serrano et al., 2016), 
sediment characteristics (Campbell et al., 2015), local primary produc-
tivity and organic matter input (Howard et al., 2017), bulk density 
(Gullström et al., 2018), habitat variability (Serrano et al., 2018), sur-
rounding environmental conditions and landscape configurations (Lav-
ery et al., 2013; Gullström et al., 2018). 

Our results show that total seagrass biomass varied with location (p 
< 0.001), thus Nasese meadows (2.6%) had the lower values but showed 
higher soil Corg stocks, suggesting that seagrass productivity (Armitage 
and Fourqurean, 2016) and biomass (Campbell et al., 2015) are not the 
only determinants of soil carbon store volume. It is possible that soil 
carbon storage within seagrass meadows at the study sites may be 
influenced by site depositional and geomorphological characteristics 
that are independent of seagrass cover (Lavery et al., 2013; Campbell 
et al., 2015). Our data suggest that despite relatively smaller seagrass 
species being present in the sampling sites, Corg contents were higher 
than for unvegetated areas. Notably, H. ovalis is the smallest species in 
terms of size, but had twice (22–40 Mg C ha− 1) the Corg stock than 
unvegetated areas (17–18 Mg C ha− 1). This disparity may result from a 
difference in functional biomass compared to other species (sizes of leaf 

Table 4 
Comparison of ecosystem carbon stock studies in seagrass meadows in Nasese and Korotogo with other studies done in the Indo-Pacific region. Table modified from 
Phang et al. (2015).  

Location Carbon stock (Mg C ha− 1) Sediment properties References 

Aboveground & belowground Sediment Dry bulk density (g cm− 3) Organic carbon content (%) Depth (cm) 

Nasese 0.16  47 0.78 0.50  10 Present study 
Korotogo 0.05  31 0.46 0.95 
Abu Dhabi, UAE 0.4  49 1.4 0.6  100 Campbell et al., 2015 
Chew Java, Singapore 0.07–0.09  138 1.21 1.1  100 Phang et al., 2015 
Florida Bay, USA 1.4  163 0.8 2.4  100 Campbell et al., 2015 
Shark Bay, Australia 4.7  241 0.8 3  100 Fourqurean et al., 2012 
Palau, Micronesia 0.1  48 – 16.7  14 Phang et al., 2015 
Southeastern Atlantic 4.8–91.1  67.6 1.09 g ml − 1 35.4–43.2  100 Howard et al., 2017  
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structure, rhizome and roots), and that H. ovalis colonises (McKenzie and 
Yoshida, 2020) and occupies depositional environments which contin-
uously accept terrestrial inputs (Lavery et al., 2013; Stankovic et al., 
2017). 

Moreover, Halodule spp. are opportunistic species, which are the 
foundational seagrasses in Fiji (McKenzie and Yoshida, 2020). Serrano 
et al. (2016) pointed out that small species (e.g., Halophila spp. and 
Halodule spp.) are typical ‘colonizers’, that have high growth and turn-
over rates, leading to lower biomass accumulation than larger and long- 
lived ‘persistent’ species (e.g., Posidonia spp. and Thalassia spp.). Addi-
tionally, the relatively low soil Corg storage of seagrass meadows at 
Korotogo could be explained by the low contribution of seagrass detritus 
to the soil Corg pool. Conversely, high Corg levels at Nasese may also be a 
result of organic carbon inputs from the adjacent mangrove forests and 
Rewa River (largest drainage basin in the tropical South Pacific; 
McKenzie and Yoshida, 2020). 

In the two sites, dry bulk density ranging from 0.46 to 0.78 g cm− 3 

were lower than the median value of dry bulk density from global 
dataset of 0.92 g cm− 3 (Fourqurean et al., 2012; Campbell et al., 2015). 
Compared to other sites (Table 4), dry bulk density at our sites was lower 
than those reported for meadows in United Arab Emirates (1.4 g cm− 3; 
Campbell et al., 2015), Singapore (1.21 g cm− 3; Phang et al., 2015), Port 
Curtis, Australia (1.57 g cm− 3; Ricart et al., 2015). However, the rela-
tively low soil dry bulk density found in these meadows led to similar 
Corg stocks among all meadows studied and makes them potential stores 
of organic carbon. Our results are largely consistent with this general 
expectation between Corg storage in vegetated and unvegetated areas. 
While the soil and biomass Corg (%) values reported in this study are 
much lower than compared to other locations (Campbell et al., 2015; 
Phang et al., 2015; Howard et al., 2017; Gullström et al., 2018), results 
reported demonstrate that carbon storage capacity is site-specific. 

In this study, we found that the seagrass biomass carbon pool was 
higher than the sediment pool which could be related to different 
development stages and age, and recovery of the seagrass meadows after 
disturbance/loss. It is possible that after seagrass meadow establish-
ment, plants are still colonizing sediments (Ricart et al., 2015) storing 
most of the carbon as biomass. This seems to be the case for the Korotogo 
meadows (Fig. 3) while the older stages of development increase carbon 
storage in sediments (Greiner et al., 2013; Ricart et al., 2015) as 
observed in the Nasese meadows (Fig. 4). Thus, the seagrass-derived 
carbon available for burial is lower for Korotogo than in Nasese. As far 
as we know, the seagrass beds examined here have been stable for the 
past decade, however, the seagrass species history is not known prior to 
this study. Moreover, Fijian seagrass meadows have been previously 
reported to show a high capacity to recover after disturbance/loss 
(McKenzie and Yoshida, 2020). 

Our results indicate that H. uninervis meadows retained higher levels 
of soil Corg pools followed by H. pinifolia, in the top 10 cm sediment 
depth. These findings are consistent with, and complementary to earlier 
studies of higher primary productivity (compared to H. ovalis living 
biomass) of seagrass meadows composed of larger seagrass taxa that are 
likely to have greater Corg stocks (Fourqurean et al., 2012; Lavery et al., 
2013; Campbell et al., 2015; Phang et al., 2015). Hence, the estimates of 
seagrass Corg stores to a 10 cm depth presented here may underestimate 
the total Corg stores by 20–30%, and can provide skewed results in highly 
reduced soils (Sollins et al., 1999) due to the assay method used 
(Walkley and Black method), and the fact that deposits can be up to 
several meters thick (shallow sediment depth (10 cm) used in this 
study). However, we considered the top 10 cm to be within the below-
ground biomass level, and vulnerable to being remineralized when 
seagrass meadows are lost. Thus, future studies may examine carbon 
sources, inorganic carbon levels, deeper soil cores, carbon contents of 
above and belowground biomass, seagrass density and patchiness, and 
soil accumulation rates to provide a better understanding of the local 
environment. 

Furthermore, the higher content of fine mud (<63 μg factor is ≥90%; 

Pohler and Collen, 2006) sediments observed at Nasese would have 
contributed to higher Corg accumulation, since fine sediments generally 
retain more Corg compared to medium and coarse sands (Burdige, 2007). 
Conversely, sediments at Korotogo were composed of carbonate sand 
and medium grain sizes (personal observation), suggesting a wave high 
energy environment that may promote erosion while limiting anoxia 
and Corg persistence (Howard et al., 2017). Results obtained here suggest 
that the same seagrass species found growing in finer coastal sediment 
store significantly (p < 0.001) more Corg than those living in medium 
grain sediments. 

Regardless of the limitations involved in using the Walkley and Black 
assay method, and bare sediments as reference sites, data suggest that 
Corg stocks are much higher in seagrass meadows than in adjacent bare 
sediments. Additionally, the lower C storage capacity of bare sediments 
is due to the absence of seagrasses, which is reflected in many similar 
studies (Fourqurean et al., 2012; Lavery et al., 2013; Mazarrasa et al., 
2015; Serrano et al., 2016; Gullström et al., 2018). 

An important predictor of soil Corg content in our study was seagrass 
biomass (aboveground and belowground data combined), contributing 
to the Corg pool either in sediments or in biomass. This emphasizes the 
influence of intrinsic properties of the seagrass species themselves, such 
as variation in morphology and/or biomass on sedimentary Corg storage 
capacity (Gullström et al., 2018). The findings of this study are consis-
tent with this trend and complement those of earlier studies (Armitage 
and Fourqurean, 2016; Dahl et al., 2016; Belshe et al., 2018). 

These results provide evidence that Corg storage increases even in 
seagrass meadows composed of species with fast growth traits and low 
sediment loading, and fine sediments (Lavery et al., 2013; Dahl et al., 
2016; Serrano et al., 2016; Belshe et al., 2018). Our data suggest that 
meadows comprised of ephemeral seagrass species can also play an 
important role in carbon sequestration and blue carbon initiatives, 
contributing to existing information on seagrass meadow Corg storage. 
This outcome underscores the argument that research targeting poorly 
represented coastal habitats and smaller-leaved seagrass species is 
required, to conserve these environments as viable strategies for the 
mitigation of anthropogenic carbon emissions (Campbell et al., 2015). 

Seagrasses also play an important role in biogeochemical cycles 
including nutrient cycling and retention which is regulated both directly 
through the uptake and assimilation in leaves, roots and rhizomes; and 
indirectly through trapping of sestonic particles (Kindeberg et al., 2018). 
The distribution of observed N concentrations suggest that the presence 
of seagrasses contributes to higher levels compared to unvegetated 
areas. Data presented here indicate N contents within 1.3–1.6% of plant 
dry weight, whereas unvegetated areas demonstrated values within 
0.04–0.07%. Short (1987) and others have reported that seagrass 

Table 5 
Comparison of water quality physical parameters and nutrients/organics at My 
Suva Park at Nasese with the guidelines for estuary waters from ANZECC, 2000. 
Table adopted from Lal et al. (2021).  

Parameters Measurements (mean ± SE @ 
95% CI) 

ANZECC (2000) 
estuary 

Temperature (◦C) 29.4 ± 1.06 29.6 
pH 7.74 ± 0.13 5–9 
Dissolved oxygen (mg O2 

/L) 
5.44 ± 0.57 >5 

Total dissolved solids (mg/ 
L) 

22,994 ± 3481 3000–35,000 

Total suspended solids 
(mg/L) 

26.2 ± 3.90 <75 

Nutrients/organics   
Total nitrogen (mg/L) 1.13 ± 0.17 – 
Total Kjeldahl nitrogen 
(mg/L) 

1.12 ± 0.16 – 

Total phosphorous (mg/ 
L) 

0.33 ± 0.04 – 

Chemical oxygen 
demand (mg/L) 

148 ± 21 <40  
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sediments are favourable and important sites of N2 fixation, organic 
decomposition and animal excretion. Therefore, our study confirms this 
notion of vegetated areas containing higher N levels as seagrasses act as 
natural sinks in an anoxic environment. Likewise, P concentrations re-
ported here suggest that vegetated area levels are higher with values 
within 0.2–0.3% of plant dry weight, while unvegetated areas showed 
lower P concentration values within 0.0004–0.002%. 

Seagrass nutrient limitation is most prevalent in the warm season 
during the period of highest seagrass primary production and resource 
use (Fourqurean et al., 2005). Results presented here confirm nutrient 
limitation, on the basis that the nutrient contents reported reflect 
nutritional conditions at the site of collection and the timing of collec-
tion which was during peak seagrass primary production for the region. 
Additionally, it is worth noting high concentrations of N and P (Table 5) 
were reported in the water columns at Laucala Bay by Lal et al. (2021) 
suggesting levels being significantly above recommended limits. 
Furthermore, McKenzie and Yoshida (2020) reported high levels of N in 
Halodule leaf tissue at Laucala Bay influenced by anthropogenic sources 
such as septic and treated sewage. The carbon sequestration potential in 
coastal soils is linked to plant productivity and biomass, which in turn, is 
directly and indirectly influenced by nutrient input (Armitage and 
Fourqurean, 2016). These authors reported that anthropogenic nutrient 
supply can alter coastal plant communities by increasing plant produc-
tivity and biomass, and thus seagrasses are sensitive to nutrient (e.g., N 
and P) input. 

Duarte (1990) suggested that in the absence of information on crit-
ical nutrient levels for seagrass growth, plants with nutrient contents 
below the median levels 1.8% N and 0.20% P (% dry weight) were 
strongly nutrient-limited. Our results indicate that both study sites are 
nutrient-limited environments, and the low N and P contents in seagrass 
sediments indicates that the plant system has adapted to conditions of 
scarce primary nutrient availability (Short, 1987). Thus, the acquisition 
of nitrogen by H. pinifolia from sparse supply shows the plants' ability to 
rapidly take up this nutrient from sediments. The N up-take by 
H. pinifolia roots may be correlated with the usually high root biomass 
observed for this species, while H. ovalis comprising the smallest 
biomass shows its ability to rapidly obtain P from sediments. 

This observation confirmed suggestions by Duarte et al. (1998) that 
nutrient uptake efficiency is higher for smaller seagrass species, which 
grow faster and have a greater nutrient demand per unit biomass. These 
authors also suggested that sediment nutrient uptake by small seagrass 
species is closely dependent on nutrients regenerated from recently 
deposited organic matter, whereas larger species can exploit deeper 
nutrient deposits within the sediment. Accordingly, Howard et al. 
(2017) concluded that the nutrient content of plant-derived organic 
matter can influence the rate of decomposition, with higher N and P 
contents resulting in more rapid decomposition rates. 

Short (1987) reported that nutrient uptake by tropical seagrasses is 
typically insignificant, given concentration dependent uptake and the 
oligotrophic conditions in tropical areas. He suggested that N and P 
cycling in seagrasses is influenced by sediment redox conditions and 
nutrient pool sizes. Our results suggest that low P concentrations relative 
to N, may be a result of adsorption of P on calcium carbonate sediment 
grains and organic coatings, diagenesis formation of apatite, or 
replacement of calcium carbonate with a phosphate-rich phase. Addi-
tionally, patterns of nutrient input to and availability in coastal systems 
can be driven by long-term, abiotic site conditions, such as soil type and 
hydrology (Short, 1987; Armitage and Fourqurean, 2016). 

High carbon content in the soils indicate that seagrass beds have 
carbon storage potential, even in nutrient-limited areas with low pro-
ductivity (Armitage and Fourqurean, 2016). Therefore, plant produc-
tivity and corresponding carbon storage observed at Nasese and 
Korotogo meadows suggest limitation from either light or substrate, or 
other factors that would inhibit higher productivity in areas with high/ 
low P. This was reflected in the Nasese meadows showing higher Corg, N 
and P contents compared to Korotogo. These localised carbon, nitrogen 

and phosphorus estimates will be useful for planners and policy makers 
in blue carbon and seagrass meadows management plans. 
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