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A B S T R A C T

Natural variation in environmental conditions (e.g., seasonality) modulates the ecological dynamics and func
tioning of seagrass ecosystems. However, these characteristics can be altered by anthropogenic-driven pressures 
resulting from coastal urbanization (e.g., nutrient pollution), with significant effects on ecosystem service pro
vision, including carbon sequestration and storage. Understanding these effects is complex as seagrasses exhibit 
different sensitives to environmental stress and change, generating species-specific responses that vary through 
temporal and spatial scales. Here, we tested this hypothesis by quantifying the seasonal variation in total carbon 
(C%; upper sediment layer, 15 cm), total nitrogen (N%), and stable isotopes (δ13C and δ15N) in two seagrass 
species (i.e., Halophila ovalis and H. beccarii) in Hong Kong, one of the most urbanized coastal areas globally. The 
C:N ratios and δ15N values indicated seasonal differences in local nitrogen source and accumulation, resulting in 
increased total seagrass biomass in the wet season. Isotope results suggested belowground seagrass tissues 
significantly contributed towards sediment carbon, particularly in the wet season, characterized by increased 
nitrogen loading.

1. Introduction

Seagrass ecosystems globally play an important role in carbon 
cycling, acting as natural carbon sinks (do Amaral Camara Lima et al., 
2023). Modulated by their photosynthetic activity, seagrasses have a 
high capacity to sequester carbon dioxide from the atmosphere and 
seawater and storing it as autochthonous sedimentary organic carbon 
stocks (Cstocks) (Macreadie et al., 2021; Trevathan-Tackett et al., 2015). 
By using their canopies to filter fine particles transported by water as 
suspended matter, seagrasses can also capture organic carbon from 
allochthonous sources enhancing their sedimentary Cstocks (Barcelona 
et al., 2021; Nordlund et al., 2016; Rahayu et al., 2023). However, this 
carbon sequestration and storage capacity of seagrasses vary across 
temporal (e.g., seasons) and spatial (e.g., regions/latitude) scales, driven 
by local environmental conditions, as well as the ecological dynamics of 

seagrass populations and species (Egea et al., 2023a; Johannessen, 
2022).

There is potential for these “blue carbon” ecosystems to serve as 
nature-based solutions (NbS) for carbon dioxide (CO2) offsets in na
tionally determined contributions as part of climate change mitigation 
plans (Chausson et al., 2020; Stankovic et al., 2021). To achieve this, it is 
important to develop context-specific assessments to identify and pre
dict the current and future carbon sink capacity of seagrass ecosystems 
over spatiotemporal scales (Johannessen, 2022; Gao et al., 2022; Ward 
et al., 2021). This is particularly relevant in areas where seagrasses are 
vulnerable to intense habitat modification (e.g., land reclamation), and 
the influence of other anthropogenic pressures from terrestrial and 
marine systems (Unsworth et al., 2019). Such losses can ultimately lead 
to shifts in seagrass distribution and metabolism, reducing net autoch
thonous organic carbon sequestration capacity (Mazarrasa et al., 2018), 
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and potentially the release of blue carbon back into the atmosphere 
(Salinas et al., 2020; Serrano et al., 2020). As seagrasses are among the 
most threatened ecosystems globally, estimated to be declining at 0.9 % 
year− 1 (Adams et al., 2020; Jiang et al., 2020; Luo et al., 2022), the 
remineralization of buried Cstocks represents a major concern in blue 
carbon and climate change science (Macreadie et al., 2019). Conse
quently, there has been increasing global attention to safeguard sea
grasses and their role as NbS, protecting their blue carbon storage 
capacity (Christianson et al., 2022; United Nations Environment Pro
gramme, 2020).

Coastal nutrient loading represents a major threat to seagrass 
meadows, impacting their spatial dynamics (e.g., meadow migration/ 
expansion), resulting in habitat fragmentation and degradation (Wang 
et al., 2022). Nutrient loading also alters seagrass ecosystems through 
several mechanisms (Burkholder et al., 2007), such as the alteration of 
sediment biogeochemistry (e.g., silt content), the reduction of functional 
traits (e.g., lower species diversity), the decline of productivity from 
increased carbon demand for additional ammonium assimilation (Egea 
et al., 2020), and the modification of ecological interactions (e.g., 
host-microbiota symbiosis (Yamuza-Magdaleno et al., 2024)), including 
increasing competition with micro/macroalgae for nutrient sources 
(Zribi et al., 2023). Therefore, eutrophication due to nutrient loading, 
can reduce the long-term carbon storage capacity in seagrass sediments 
(Burkholder et al., 2007). Such negative effects can be exacerbated by 
the interactive influence of high seasonal temperatures (e.g., in sum
mer), which impacts seagrass carbon metabolism and accelerates the 
decomposition of labile carbon (Luo et al., 2022; Dahl et al., 2020; 
Pazzaglia et al., 2020; Soissons et al., 2018; Zhang et al., 2022). In recent 
years, there has been extensive research regarding seagrasses as blue 
carbon stocks, yet the influence of nutrient loading and seasonal vari
ability at regional scales is still inadequately understood (Dencer-Brown 
et al., 2022; Duarte de Paula Costa and Macreadie, 2022). Regional scale 
assessments of blue carbon stocks are crucial to generate robust infor
mation to incorporate blue carbon ecosystems in national greenhouse 
gas inventories across International Panel for Climate Change (IPCC) 
tiers (i.e., Tier 1, 2 and 3), and for management pathways to be able to 
access carbon credit schemes (Howard et al., 2014).

In Hong Kong (SAR, China), one of the most urbanized coastal areas 
globally, seagrass ecosystems are represented by five species (Halophila 
ovalis, Halophila minor, Halophila beccarii, Zostera japonica and Ruppia 
maritima) (Shi et al., 2010). Except R. maritima, seagrasses are found in 
the shallow intertidal zone, associated with mangroves and saltmarshes 
(Archana et al., 2018). Despite their ecological importance, the effect of 
anthropogenic impacts (e.g., nutrient enrichment from riverine inputs, 
land runoff, wastewater disposal and aquaculture waste; see Table 1 in 
Archana et al. (2018)) on the dominant species (H. ovalis and 
H. beccarii), and the ecosystem services they provide (e.g., organic car
bon storage), remain largely unexplored. In China, these two seagrasses 
have shown organic carbon storage capacity (H. ovalis: 7.14–12.26 Mg C 
ha− 1; H. beccarii: 4.21–20.05 Mg C ha− 1 (Zhang et al., 2022; Huang 
et al., 2015; Jiang et al., 2017a), highlighting their potential utilization 
as NbS towards climate change mitigation (Meng et al., 2019). This 

organic carbon storage capacity, however, has been shown to decline in 
response to eutrophication (i.e., nitrogen enrichment (Zhang et al., 
2022)), due to the intensification of anthropogenic activities along 
China’s coastline (Wang et al., 2021; Ye et al., 2015). The effect of 
nutrient loading and subsequent reduction in organic carbon storage 
capacity has been observed for both H. ovalis (Jiang et al., 2019; Yang 
et al., 2018) and H. beccarii (Luo et al., 2022), particularly in China’s 
south coast, where urbanization and aquaculture act as the main drivers 
(Wang et al., 2021).

Here, we aimed to i) quantify Cstocks of monospecific seagrass eco
systems in Hong Kong; ii) assess the effects of season (wet and dry) and 
anthropogenically driven (local nutrient input as a proxy of urbanization 
influence) influences on Cstocks; to ultimately iii) assess the NbS potential 
of these ecosystems towards Hong Kong’s Climate Action Plan 2050 
(Hong Kong SAR Government, 2021). We hypothesized that season, 
combined with local coastal nutrient enrichment, would positively in
fluence the Cstocks of seagrass ecosystems in Hong Kong. To our knowl
edge, this study provides the first detailed quantification of seagrass 
species-specific Cstocks in Hong Kong, showcasing that the organic car
bon storage capacity of these ecosystems can act as NbS for climate 
change mitigation and should be included in Hong Kong’s nationally 
determined contributions under IPCC Tier 2 assessments (Howard et al., 
2014).

2. Methods

2.1. Study area

Field surveys were conducted across four westerly sites in Hong Kong 
SAR (Pak Nai, Ha Pak Nai, San Tau, Yam O; Fig. 1). As part of the Greater 
Bay Area, these sites receive heavy sediment and nutrient loads from 
both the Pearl River (Zhu Jiang) and Shenzhen River (Sham Chun), with 
a salinity gradient southward along the westerly coastlines, producing 
estuarine conditions (Chen and Lee, 2022). During the wet season 
(summer), this natural stratification is particularly pronounced due to 
greater discharge from the Pearl River (Archana et al., 2018). Due to 
high local sediment and nutrient load (i.e., total nitrogen) and waste
water discharge, these sites are strongly influenced by high turbidity 
(~100–120 nephelometric turbidity units) (Archana et al., 2018; Envi
ronmental Protection Department, 2024). The two most widespread 
seagrasses in Hong Kong, yet still classified as regionally endangered, 
are the small herbaceous species H. beccarii (Ascherson, 1871) and 
H. ovalis ((R. Brown), J.D. Hooker, 1858). Both species can tolerate 
variable saline conditions and recover rapidly from anthropogenic dis
turbances due to their fast growth rate and ability to readily colonize 
intertidal areas on soft sand or mud substrates (Shi et al., 2010; Xuan 
et al., 2022).

2.2. Pak Nai and Ha Pak Nai

These sites are intertidal mudflats located ~1 km apart (Fig. 1), with 
mangrove stands and saltmarsh adjacent to H. beccarii meadows (Bass 

Table 1 
Physical parameters (mean ± SD) of the surface water over Halophila ovalis and Halophila beccarii meadows in Hong Kong during dry and wet seasons. Statistical 
significance (p < 0.05) between species and seasons were tested using two-way ANOVA, with season (wet and dry) and species (H. ovalis and H. beccarii) as fixed 
factors.

Parameters Species Two-way ANOVA results

Season H. ovalis H. beccarii Variable MS F-value p-value

pH Dry 8.44 ± 0.47 8.56 ± 0.18 Species 0.14 F (1,26) = 0.61 0.44
Wet 9.31 ± 0.76 9.48 ± 0.49 Season 5.81 F (1,26) = 24.23 <0.0001

Temp (◦C) Dry 21.74 ± 4.25 23.16 ± 3.73 Species 162.90 F (1,34) = 8.33 0.006
Wet 24.07 ± 4.49 31.23 ± 5.09 Season 238.90 F (1,34) = 12.23 0.001

Salinity (PSU) Dry 29.91 ± 4.46 17.87 ± 8.50 Species 342.90 F (1,27) = 7.86 0.009
Wet 14.00 ± 7.84 12.00 ± 6.41 Season 825.90 F (1,27) = 18.93 0.0002
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and Falkenberg, 2023). Mangrove stands are characterized by Sonneratia 
apetala, Acanthus ilicifolius and Kandelia obovata (Morton, 2016), 
whereas saltmarsh species include Sporobolus alterniflorus, Suaeda aus
tralis, Sesuvium portulacastrum, Sporobolus virginicus and Ipomoea pes-
caprae (A. Mishra, personal field observation, 2022). Mangrove and 
saltmarsh habitats are abundant towards the upper shore, with 
H. beccarii occupying the intertidal zone, and aquaculture oyster beds 
extending across the lower shore. These sites also provide crucial 
feeding and nesting habitat for the endangered Chinese horseshoe crab 
Tachypleus tridentatus (Tanacredi et al., 2009). The total area of the 
seagrass meadows in Pak Nai and Ha Pak Nai are ~3.80 ha and ~6.83 
ha, respectively (Fong, 1998).

2.3. San Tau and Yam O, Lantau Island

These sites follow a similar ecosystem matrix as Pak Nai and Ha Pak 
Nai, with mangroves towards the upper shoreline, H. ovalis meadows in 
the muddy intertidal region covering ~4.90 ha, and oyster beds across 
the lower shore (Bass and Falkenberg, 2023). The mangroves in San Tau 
are inhabited by mixed stands of K. obovata, Avicennia marina, Bruguiera 
gymnorrhiza, Excoecaria agallocha, Lumnitzera racemosa and Hibiscus 
tiliaceum (Morton, 2016), with saltmarsh characterized by 
S. portulacastrum, S. australis, S. virginicus and Limonium sinense (A. 
Mishra, personal field observation, 2022). Yam O has a total seagrass 
area of ~0.87 ha with mangrove stands containing K. obovata, A. marina, 
B. gymnorrhiza, H. tiliaceum, and Aegiceras corniculatum in the upper 
intertidal zone (A. Mishra, personal field observation, 2022). In com
parison to Pak Nai and Ha Pak Nai, there are no saltmarshes directly 
adjacent to H. ovalis meadows in San Tau or Yam O. Both sites are also 
more exposed to housing developments and land reclamation in nearby 
Lantau Island, in comparison to meadows in Pak Nai and Ha Pak Nai.

2.4. Seagrass and associated habitat biomass sampling

At each of the four sites, transects were conducted in the wet (sum
mer; May–September) and dry season (winter; December–March) of 
2021–2022. Triplicate measurements of physical parameters including 
temperature, salinity, and pH of the surface water above seagrass 
meadows were measured in the field using handheld multi-probes (Go 

Direct®- Vernier Probes, USA). Triplicate 50 m transect parallel to the 
beach was deployed, along which nine seagrass biomass cores (⌀ 6.5 cm) 
were collected at random to a depth of 10 cm. Biomass cores were 
capped and stored in an icebox for transportation to the University of 
Hong Kong (HKU) laboratory. Here, seagrass biomass was washed with 
distilled water to remove debris, then a glass slide was used to gently 
scrape away any epiphytic macroalgae on the seagrass leaves. Samples 
were separated into aboveground (leaf) and belowground (roots and 
rhizomes) biomass, placed into clean aluminum foil, and oven dried at 
60 ◦C for 48 h. After drying, seagrass biomass was homogenized using a 
ball mill (Retsch, MM400, USA) and stored for further analysis. Simi
larly, leaves of mangrove and saltmarsh species (as above) were hand
picked during seagrass sampling, processed as described above and 
stored for further analysis (Howard et al., 2014).

2.5. Sediment sampling

Acrylic sediment corers (⌀ 5.5 cm) were used for each 50 m transect 
(n = 3 per transect) to collect sediment samples from each site, adjacent 
to the seagrass biomass cores. The sediment core depth was restricted to 
15 cm, as both seagrass species are small and their influence on sediment 
organic carbon accumulation is restricted to upper sedimentary layers 
(Meng et al., 2019; Premarathne et al., 2021). After collection, sediment 
cores were capped and stored in an icebox for transportation to the HKU 
laboratory. At the laboratory, sediment cores were divided into 5 cm 
intervals (5, 10 and 15 cm), placed into clean aluminum foil, and oven 
dried at 60 ◦C for 48 h. After drying, each sample was weighed to 
calculate dry bulk density (DBD; g DW cm− 3), as described in Howard 
et al. (2014). The sediment carbon density (SCD; g cm− 3) was calculated 
by multiplying the DBD with sediment carbon content (%). Next, dried 
samples were individually homogenized using a ball mill (Retsch, 
MM400, USA) and stored for further analysis. From each homogenized 
sample, the organic matter content (OM%) of the sediment was esti
mated using the loss on ignition method, as presented below, whereby 
subsamples (5 g) were combusted at 500 ◦C for 4.5 h in a muffle furnace 
(Howard et al., 2014). The loss on ignition was calculated using equa
tion (1): 

Fig. 1. Map showing the four study sites for Halophila ovalis and Halophila beccarii in Hong Kong.
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Loss on ignition (%)=

[
A − B

A

]

x 100 (Eq.1) 

Where A is the initial weight of the dried sediment (g), and B is the final 
weight of the sediment (g) after combustion.

Additionally, from each homogenized sample, a subsample (0.30 
mg) was acidified (1 M HCl) to remove carbonates. After the addition of 
HCl, the subsamples were stored in a fume hood chamber until no 
further bubble formation was detected, then the subsamples were oven 
dried at 60 ◦C for 24 h.

2.6. Seagrass biomass and sediment analysis

Seagrass (aboveground and belowground), mangrove (aboveground) 
and saltmarsh biomass (aboveground), as well as sediment samples 
(acidified and non-acidified), were analyzed in duplicate for composi
tion of carbon and nitrogen elemental concentrations and stable isotopes 
(δ13C and δ15N) using a Flash Elemental Analyzer coupled to a DELTA V 
isotope ratio mass spectrometer (Eurovector, EA3028). Following in- 
house standards, acetanilide (iACET#1, δ13C = − 29.53 ‰, δ15N =
1.18 ‰) was used for calibration and precision determination (0.2 ‰) 
with Vienna Peedee Belemnite and atmospheric air used as isotope 
references for carbon and nitrogen, respectively.

The IsoSource software (version 1.3.1 Environmental Protection 
Agency, USA) was used to estimate the feasible contributions of all 
carbon sources across seasons (Phillips et al., 2005). A mixing model 
approach was utilized to calculate the relative contributions of all car
bon sources using all possible combinations of seagrass (aboveground 
and belowground), mangrove (aboveground), saltmarsh (aboveground) 
and sediment particulate organic matter (obtained from Fu et al. (2020)) 
(Phillips and Gregg, 2003). The model had two fixed parameters: the 
source increment was set at 1 % and the mass balance tolerance was set 
at 0.01 % (Zhang et al., 2020). The fixed mass balance tolerance ensured 
that the difference between the sum of the weighted isotopic values for 
each source and the acceptor isotopic values did not exceed 0.01 %.

2.7. Carbon stock calculations

The total biomass Cstocks (Mg C ha− 1) of both seagrass species were 
calculated following the Blue Carbon Manual standard methods 
(Howard et al., 2014). The total sediment Cstocks (Mg C ha− 1) were 
calculated by adding the total Cstock of each sediment core interval (5, 
10, 15 cm). The mean seagrass ecosystem Cstock (Mg C ha− 1) were 
calculated by adding the mean seagrass aboveground biomass Cstocks to 
the mean belowground sediment Cstocks. This then allowed for the 
species-specific mean seagrass ecosystem Cstocks (Mg C) to be calculated 
by multiplying the total meadow area of each species with the mean 
ecosystem Cstocks. The CO2 equivalent (Mg CO2 ha− 1) was calculated by 
multiplying the CO2 conversion factor (3.67) by the mean Cstocks of both 
seagrass species and upscaled to total meadow area (Howard et al., 
2014).

2.8. GIS mapping of sediment and water column data

Geographic information system (GIS) techniques are now widely 
used in generating continuous spatial patterns of trace elements at 
regional scales (Sachithanandam et al., 2022; Gu et al., 2012). Here, we 
estimated the spatial distribution of physical parameters of the water 
column (i.e., pH, temperature, and salinity) and sediment variables (i.e., 
OM%, DBD, SCD, total carbon (C%) and total nitrogen (N%)) for both 
seasons based on the measured values using the Kriging interpolation 
method in ArcGIS (version 10.8). The Kriging approach uses the semi 
variogram to express spatial continuity (i.e., autocorrelation), and 
measures the strength of the statistical correlation as a function of dis
tance (see (Cressie, 1988)). Despite the observations being spatially 
concentrated, the objective was to visualize the spatial distribution of 

physical parameters between seasons, in relation to seagrass distribu
tion, in Hong Kong.

2.9. Social cost of carbon and CO2 equivalent

The social cost of carbon indicates the economic cost associated with 
climate change-related damage (or benefit) caused by the emission of 
one ton of CO2, or its equivalent (Nordhaus, 2017; Ricke et al., 2018). 
We utilized a regional approach to estimate the social cost of carbon, 
rather than a global approach, as country-level estimates promote a 
better understanding of regional impacts of carbon emissions, leading to 
improved adaptation and compensation measures (Ricke et al., 2018). 
The estimate of the social cost of carbon for China (inc. Hong Kong), was 
US$ 24 (HKD$ 186.48) per ton of CO2 used (Ricke et al., 2018). A 
currency conversion of USD$ 1 = HKD$ 7.77 was used to estimate the 
price of CO2 in HKD$.

2.10. Statistical analysis

A two-way ANOVA was used to determine the effect of sediment 
characteristics (dry bulk density (DBD, g cm− 3), sediment carbon den
sity (SCD, g cm− 3), total carbon (C%) and nitrogen (N%), stable isotopes 
of carbon (δ13C ‰) and nitrogen (δ15N ‰), Cstocks (Mg C ha− 1)), and 
seagrass (aboveground and belowground biomass) using seagrass spe
cies (H. ovalis and H. beccarii), and season (dry and wet) as fixed factors. 
Data was checked for normality and homogeneity of variance using a 
Shapiro-Wilk and Levene’s test, respectively. As SCD did not meet the 
assumptions of normality, a log10 transformation was performed. In the 
case of significant interactions between factors, the Holm-Šídák test was 
performed for multiple comparisons of means. Next, we applied multi
variate techniques to explore the correlation between physiochemical 
chemicals across seasons for each seagrass species in a continuous way. 
We used a principle component analysis (PCA) with the descriptors 
including surface water environmental parameters (pH, temperature, 
salinity), sediment organic matter (OM%), dry bulk density (DBD, g 
cm− 3), sediment total nitrogen (N%), sediment total carbon (C%) and 
seagrass (aboveground and belowground) biomass (g DW m− 2) in dry 
and wet seasons for H. ovalis and H. beccarii. A non-linear regression 
(second order polynomial (quadratic) curve fit was used to derive the 
relationship between N% in seagrass biomass and the log (Y) trans
formed C:N ratios to determine external nitrogen input into seagrass 
ecosystems (Duarte, 1990). All statistical tests were conducted at a 
significance level of p < 0.05 in GraphPad Prism software (version 10.3). 
Note that all results for core samples are given as the mean ± SD.

3. Results

3.1. Physicochemical parameters

Seasonality was found to strongly influence all surface water phys
ical parameters (Table 1) above H. ovalis and H. beccarii seagrass 
meadows, with pH (ANOVA, F1,26 = 24.23, p < 0.0001) and temperature 
(ANOVA, F1,34 = 12.23, p = 0.001) being significantly higher in the wet 
season (Table S1; Fig. S1). Conversely, salinity was significantly lower in 
the wet season, compared to the dry season (ANOVA, F1,27 = 18.93, p =
0.0002; Table 1). Temperature was significantly higher in the surface 
water above H. beccarii meadows (ANOVA, F1,34 = 8.33, p = 0.006), 
whereas salinity was found to be significantly lower (ANOVA, F1,27 =

7.86, p = 0.009; Table 1).

3.2. Sediment variables

The mean sediment organic matter content was significantly 
different between seagrass species (F1,20 = 7.98, p = 0.01) and season 
(F1,20 = 7.64, p = 0.01; Fig. 2a; Table S2). The DBD was significantly 
different only across species (F1,30 = 5.47, p = 0.02), and SCD was 
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significantly different only across seasons (F1,30 = 11.33, p = 0.01), 
respectively (Fig. 2; Table S2). The mean sediment organic matter 
content of H. ovalis (1.59 ± 0.60 %) and H. beccarii (0.93 ± 0.25 %) 
meadows were 1.4-fold and 1.7-fold lower than the sediment organic 
matter of both species (H. ovalis; 2.31 ± 0.87 %, H. beccarii; 1.57 ± 0.50 
%) in the wet season respectively (Fig. 2a). The mean sediment DBD of 
H. ovalis meadows (1.54 ± 0.20 g DW cm− 3) was 1.1-fold lower than the 
sediment DBD of H. beccarii (1.70 ± 0.33 g DW cm− 3) meadows 
(Fig. 2b). The mean SCD of H. ovalis (0.019 ± 0.007 g C cm− 3) and 
H. beccarii (0.014 ± 0.005 g C cm− 3) in the dry season was 1-fold and 
1.6-fold lower than the SCD of both species (H. ovalis; 0.021 ± 0.003 g C 
cm− 3, H. beccarii; 0.023 ± 0.01 g C cm− 3) in the wet season (Fig. 2c).

The seasonal relationships between water physical parameters and 
sediment variables with both seagrass traits are presented through PCA 
analysis (Fig. 3, Table S3). For H. ovalis in the dry season, PC1 (42.12 %) 
and PC2 (23.94 %) explained a cumulative variation of 66.05 %, 
whereas in wet season the PC1 (57.60 %) and PC2 (16.35 %) explained a 
cumulative variation of 73.95 % (Fig. 3a and b). For H. beccarii in dry 
season, the PC1 (37.09 %) and PC2 (20.45 %) explained a cumulative 
variation of 57.54 %, whereas in the wet season the PC1 (38.46 %) and 
PC2 (24.03 %) showed a cumulative variation of 62.49 % (Fig. 3c and d).

3.3. Seagrass biomass and sediment variables

Significant differences were observed between seasons (F1,51 = 4.51, 
p < 0.0001) and species (F1,51 = 23.21, p = 0.02) for the mean C% 
content in seagrass biomass (aboveground and belowground; Table S5). 
The C% content in H. ovalis biomass was 1.1-fold higher in both 
aboveground (31.67 ± 5.42 %) and belowground (27.88 ± 7.38 %) 
tissues in the dry season, compared to the wet season (Table S5). The C% 
content in H. beccarii biomass was also 1.4-fold higher in aboveground 
tissues (34.51 ± 4.14 %) in the dry season, but conversely, C% content 
in belowground tissues (32.99 ± 2.04 %) were found to be 1.1-fold 
higher in the wet season (Table S5). Significant differences were also 
observed between seasons (F1,30 = 7.78, p = 0.0009) and species (F1,30 
= 14.05, p = 0.0008) for the mean C% content in sediment cores 
(Table S4). The sediment C% content in H. ovalis (1.36 ± 0.22 %) and 
H. beccarii (1.36 ± 0.22 %) meadows were 1-fold and 1.6-fold higher in 
the wet season, respectively (Table S4).

Seasonal differences of mean N% content in seagrass biomass were 
detected (F1,85 = 46.71, p < 0.0001; Table S5). The aboveground (2.48 
± 0.56 %) and belowground (1.91 ± 0.76 %) tissues of H. ovalis accu
mulated 1-fold and 2-fold more N% content in the wet season, respec
tively (Table S5). However, the aboveground tissues (3.70 ± 0.45 %) of 
H. beccarii accumulated 1.5-fold higher N% content in the dry season, 
whereas the belowground tissues accumulated 1.4-fold higher N% 
content in the wet season (2.75 ± 0.55 %; Table S5). The mean N% 
content in the sediment of H. ovalis meadows was 1-fold higher in the 
dry season (0.15 ± 0.04 %), whereas the sediment N% content in 
H. beccarii meadows was comparable between seasons (dry: 0.06 ± 0.07 
%; wet: 0.09 ± 0.03; Table S4).

The δ13C isotopic composition of the seagrass biomass varied 
significantly between seasons (F1,81 = 13.15, p < 0.0001) and species 
(F1,61 = 6.10, p < 0.0001; Table S5). The δ13C values for aboveground 
biomass of H. ovalis (− 16.48 ± 1.03 ‰) and H. beccarii (20.57 ± 0.62 
‰) were depleted in wet season, compared to the dry season (H. ovalis: 
− 13.30 ± 0.97 ‰; H. beccarii: − 15.91 ± 0.96 ‰; Table S5). Similarly, 
the δ13C isotopic composition of the seagrass sediment also varied 
significantly between seasons (F1,81 = 13.15, p < 0.0001; Table S4).The 
sediment δ13C values of H. beccarii (− 25.16 ± 1.36 ‰ in dry season; 
− 25.08 ± 1.30 ‰ in wet season) showed depleted composition 
compared to H. ovalis sediment (− 22.48 ± 0.89 ‰ in dry season; − 22.81 
± 1.16 ‰ in wet season; Table S4). The δ15N isotopic composition in 
seagrass biomass also varied significantly between seasons (F5,142 =

23.3, p < 0.0001) and species (F1,81 = 13.15, p = 0.01; Table S5). The 
aboveground biomass of H. ovalis and H. beccarii both showed 

Fig. 2. Boxplots illustrating sediment a) organic matter (OM%), b) dry bulk 
density (DBD, g cm− 3), and c) sediment carbon density (SCD, g cm− 3) from 
cores taken from Halophila ovalis and Halophila beccarii meadows in dry and wet 
seasons in Hong Kong. Statistical significance (p < 0.05) was derived from a 
two-way ANOVA using season (dry and wet) and species (H. ovalis and 
H. beccarii) as fixed factors (p < 0.001**, p < 0.05*, not significant = ns).
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Fig. 3. Principal component analysis (PCA) loadings between environmental parameters of surface water (pH, temperature, salinity), sediment organic matter (OM 
%), dry bulk density (DBD, g cm− 3), sediment total nitrogen (N%), sediment total carbon (C%) and seagrass aboveground (AG) and belowground (BG) biomass (g DW 
m− 2) in dry and wet seasons for H. ovalis (a & b) and H. beccarii (c & d). The contribution of each variable to the PCA in both dry and wet seasons for both seagrass 
species is presented in Table S4.

Fig. 4. Proportional source contributions to the sediment carbon pool (C%) in both H. ovalis and H. beccarii in the a) dry and b) wet season in Hong Kong respectively.
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substantially enriched δ15N in the wet season (11.22 ± 0.94 ‰; 9.32 ±
1.43 ‰), in comparison to the dry season (9.28 ± 0.80 ‰; 6.93 ± 5.12 
‰; Table S5). The seagrass sediment δ15N isotopic composition also 
varied significantly between seasons (F5,142 = 23.3, p = 0.02) and spe
cies (F1,81 = 13.15, p = 0.001; Table S4). The seagrass sediment 
exhibited δ15N enrichment in the wet and dry seasons, with depleted 
isotopic composition in the dry season for both species (H. ovalis: 6.12 ±
0.89 ‰, H. beccarii 6.59 ± 0.33 ‰) respectively (Table S4).

The mixing model of relative contributions of all carbon sources, 
showed that the belowground-tissue contribution of both H. ovalis 
(0.202 ± 0.088) and H. beccarii (0.180 ± 0.128) increased 1.5-fold and 
1.2-fold in the wet season, respectively (Fig. 4; Table S6). The contri
bution from mangroves (aboveground; 0.083 ± 0.060) and sediment 
particulate organic matter (0.168 ± 0.115) decreased 2-fold and 1.1- 
fold in the wet season, respectively (Fig. 4; Table S6)., Whereas salt
marsh (aboveground) contributions remained comparable across sea
sons (0.109 ± 0.068 (dry) and 0.108 ± 0.087 (wet); Fig. 4; Table S6). 
The C:N ratios versus N% content in seagrass biomass and sediment of 
both species indicated external input of nitrogen during the wet season, 
and the subsequent accumulation of nitrogen into the seagrass biomass 
(Fig. 5; Fig. S3, Table S4; Table S5).

3.4. Seagrass biomass and sediment carbon stocks: the social cost

Seagrass biomass showed significant variation between species 
(F1,46 = 14.44, p < 0.001), but not between seasons (Fig. S5; Table S5). 
The total biomass (aboveground + belowground) of H. ovalis (24.93 ±
4.63 g DW m− 2) and H. beccarii (61.27 ± 16.98 g DW m− 2) was 1-fold 
and 1.6-fold higher in the wet season (Table S4). The sediment (upper 
15 cm) Cstocks showed significant variation between seasons (F1,20 =

6.05, p = 0.02; Fig. 6b; Table S4). In the wet season, the sediment Cstocks 
in H. ovalis (31.44 ± 4.04 Mg C ha− 1) and H. beccarii (33.85 ± 11.34 Mg 
C ha− 1) meadows were 1-fold and 1.7-fold higher, respectively (Fig. 6b; 
Table S4).

The CO2 equivalent of sediment carbon in H. ovalis (115.4 ± 14.81 
Mg CO2 ha− 1) and H. beccarii (124.26 ± 41.61 Mg CO2 ha− 1) was 1-fold 
and 1.7-fold higher in wet season than dry season (Fig. 6d; Table S4). 
Between seasons (dry-wet), total Cstocks in H. ovalis biomass ranged be
tween 0.076 and 0.071 Mg C ha− 1, whereas in H. beccarii Cstocks ranged 
between 0.12 and 1.15 Mg C ha− 1 (Fig. 6; Table S4).

The contribution of sediment Cstocks (190.16 ± 81.67 Mg C) across 
both seasons was 99.9 % higher than H. ovalis biomass (0.54 ± 0.20 Mg 
C), with a CO2 equivalent of 697.90 ± 299.73 Mg CO2 and 1.99 ± 0.81 
Mg CO2, respectively (Table S4, Table S5). Similarly, the contribution of 
sediment Cstocks (285.68 ± 54.29 Mg C) was 99.9 % higher than 
H. beccarii biomass (1.56 ± 0.46 Mg C), with a CO2 equivalent of 

1048.47 ± 198.88 Mg CO2 and 4.62 ± 1.15 Mg CO2, respectively 
(Table S4, Table S5). The total CO2 equivalent reduction potential across 
both seasons for H. ovalis meadows (San Tau + Yam O = 5.78 ha) is 
348.92–350.97 Mg CO2, and for H. beccarii meadows (Pak Nai + Ha Pak 
Nai = 10.63 ha) is 431.45–621.64 Mg CO2. Therefore, the social cost of 
carbon of the CO2 equivalent stored in the sediment of H. ovalis 
meadows is HK$ 0.12 ± 0.01 million (US$ 0.01 million), and in 
H. beccarii meadows is valued at HK$ 0.19 ± 0.07 million (US$ 0.02 
million).

4. Discussion

The mean sediment Cstocks of H. ovalis (28.25–31.44 Mg C ha− 1; 
Fig. 6c) and H. beccarii (20.51–33.85 Mg C ha− 1; Fig. 6c) in the upper 
surface sediment (15 cm) were comparable with the mean sediment 
Cstocks reported for seagrass in Southeast Asia (14.51–37.65 Mg C ha− 1 

(Stankovic et al., 2021; Alongi, 2020)) and globally (17.25–124.35 Mg C 
ha− 1 (Kennedy et al., 2010)). The mean sediment Cstocks in the study 
sites were multi-fold higher compared to sediment Cstocks reported for 
H. ovalis (6.5–12.5 Mg C ha− 1) and H. beccarii (4.5–11.3 Mg C ha− 1) 
meadows on the coast of Hainan Island, China (Jiang et al., 2017b), and 
Halophila spp. (0.01 0.03 Mg C ha− 1) meadows in Southern China (Ren 
et al., 2024). These earlier studies collected sediment samples from the 
top 5–10 cm (Jiang et al., 2017b) and 15 cm (Ren et al., 2024) sediment 
layers, a range that is comparable with the upper 15 cm sampled in 
monospecific meadows in this study. The seagrass meadows studied 
here are characterized by dynamic intertidal environments with high 
seasonal influences and variability in the inflow/outflow of organic 
matter into sediment and the subsequent loss/gain of Cstocks (Meng et al., 
2019; Fu et al., 2021; Martins et al., 2022). In this study, the organic 
matter input into the sediments of both seagrass species was ⁓1.5-fold 
higher in the wet season, compared to dry season (Fig. 4). These seasonal 
differences are likely explained by greater anthropogenic and riverine 
inputs during the wet season, enabling seagrass meadows to filter fine 
particles from the water column to form muddy sediments (Su et al., 
2020; Xu et al., 2008).

The wet season, combined with local anthropogenic and riverine 
nutrient loading, alters sediment organic matter content due to high 
turbidity and deposition of fine particles in seagrass meadows, thus 
positively influencing the sediment organic matter pool (Zhang et al., 
2022; Zhou et al., 2011). From our results, this is clearly inferenced from 
the sediment organic matter of both seagrass species having a positive 
correlation with sediment nutrient (N%) content in the wet season, 
when organic matter inflow from both riverine and local land run-off 
sources is high (Fig. 5). These different sources of organic matter 
input in the sediment are also evident from the sediment δ13C isotopic 

Fig. 5. Log (Y) transformed carbon to nitrogen ratios (C:N) versus nitrogen content (N%) in total biomass of H. ovalis and H. beccarii between a) wet and b) dry 
seasons in Hong Kong. Dashed lines indicate the threshold values for C:N and nitrogen ratios in global seagrasses, related to the balance between external nitrogen 
supply and internal utilization by the plants [Duarte, 1990].
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Fig. 6. Boxplot of seagrass biomass (aboveground + belowground; g DW m− 2) and sediment carbon stocks (Mg C ha− 1), against the respective CO2 equivalent of 
H. ovalis and H. beccarii and associated sediment in dry and wet seasons in Hong Kong. Statistical significance (p < 0.05) was derived from a two-way ANOVA analysis 
using season (dry and wet), and species (H. ovalis and H. beccarii) as fixed factors (p < 0.0001***, p < 0.001**, p < 0.05*, not significant = ns). Statistical tests were 
not conducted for CO2 equivalent (b, d and e).
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signatures, suggesting increased presence of marine and freshwater 
particulate organic carbon and dissolved organic carbon sources during 
the wet season (Fig. 5). Furthermore, both seagrass species and their 
surrounding habitats are inhabited by other coastal vegetated habitats 
(i.e., mangroves and saltmarshes; Fig. S5) that could also have 
contributed towards the increase in sediment organic matter (Huang 
et al., 2015; Meng et al., 2019; Fu et al., 2020; Martins et al., 2022). The 
contribution of organic matter from adjacent saltmarshes and man
groves into H. beccarii meadows has been reported from similar inter
tidal mudflats in the Pearl Bay and Guangxi Bay areas of coastal China 
(Ren et al., 2024; Su et al., 2020) and for H. ovalis from Hainan Province, 
China (Du et al., 2019).

In general, seagrass species with a greater canopy height (i.e., longer 
leaf length) and a denser rhizome network can trap more sediment 
particles (Mazarrasa et al., 2018; Mishra and Apte, 2020; Mishra et al., 
2021; Liu et al., 2020). The greater canopy height of H. ovalis may have 
aided organic matter accumulation in the wet season, compared to 
H. beccarii. Similarly, the dense rhizome network of H. beccarii helped in 
accumulation of 1.4-fold higher organic matter in the wet season than 
the dry season (Fig. 2a), which is evident from the 1.2-fold higher 
belowground biomass of H. beccarii than H. ovalis (Table S5). In addition 
to seagrass morphometric traits, the presence of macroalgae and 
A. marina root systems may have also promoted organic matter accu
mulation in H. ovalis meadows (Fig. S5). This increased accumulation of 
sediment particles and organic matter, together with the formation of 
muddy sediments (that reduce remineralization of Cstocks), may have 
supported the increased sediment Cstocks in both species in the wet 
season (Fig. 6; Table S4) (Mazarrasa et al., 2018; Miyajima et al., 2017). 
However, the reduction in seagrass biomass during the dry season 
(Table S5), and changes in local hydrodynamic conditions, can poten
tially promote the erosion of organic matter accumulated in the wet 
season and thus, the reduction of the sediment Cstocks (Egea et al., 
2023b).

Seasonal variation in Cstocks composition (e.g., seagrass + algae) can 
also alter Cstocks accumulation at the sediment surface, thus affecting 
total sediment Cstocks (Zhang et al., 2022; Liu et al., 2016, 2022). In this 
study, seasonal variation in sediment Cstocks was evident for both species 
through increased sediment Cstocks content in the wet season, despite the 
sediment nitrogen content remaining comparable across seasons for 
both species (Fig. 5). During the wet season, the H. ovalis, meadows 
became overgrown with macroalgae (Ulva spp.), due to high nutrient 
availability (Table S5) (Su et al., 2020; Zhou et al., 2011), potentially 
providing a significant carbon source to the sediment carbon pool. 
However, this macroalgal carbon is highly labile, and could easily be 
remineralized if the organic matter is eroded due to the seagrass 
meadow becoming degraded or extirpated (Arina et al., 2023; Oreska 
et al., 2018). Although the contribution of macroalgae to the carbon was 
not explicitly measured, the sediment carbon content observed for 
H. ovalis in this study (1.24–1.36 %; Fig. 6c–Table S4) were comparable 
to carbon from Hainan Island, China [see 38], but were 8-fold higher 
than previous sediment carbon observed in Yongxing Island, China 
(0.31–0.32 %) (Jiang et al., 2019). Additionally, the range of H. beccarii 
sediment carbon observed in this study (0.80–1.33 %; Fig. 6c–Table S4) 
were also comparable to carbon found in other sites across China’s 
coastline [see 69]. The differences in H. ovalis sediment carbon between 
our study and Yongxing Island are likely the result of limited riverine 
nutrient input, oligotrophic coastal waters and the presence of offshore 
carbonate sediments in H. ovalis meadows where organic matter content 
is lower, as described by Jiang et al. (2019).

Global studies have revealed that seagrass sediment δ13C signatures 
contain carbon sources from multiple primary producers (i.e., man
groves, saltmarsh) (Kennedy et al., 2010). From this study, it is evident 
that sedimentary carbon sources of H. ovalis and H. beccarii exhibit 
seasonal differences (Fig. 4). The sediment and biomass δ13C of both 
H. ovalis and H. beccarii observed in this study (+6.3 ± 0.2 ‰; Table S4, 
Table S5) are significantly lower than the global mean of δ13C results 

reported for seagrass sediments globally (Kennedy et al., 2010). This 
suggests the sediment carbon composition in seagrass meadows in Hong 
Kong are composed of isotopically depleted carbon. In comparison, the 
sediment δ13C data from this study falls within mean sediment δ13C 
values (− 24.9 ± 2.2 ‰; Table S4) reported for coastal vegetated eco
systems in China, confirming that the sediment Cstocks of seagrass 
meadows contain more terrestrial-derived allochthonous and 
marine-derived carbon, than carbon from seagrass plants (Fu et al., 
2021). However, to confirm these conclusions about isotopic signals, 
further evaluation and additional data to perform isotopic model ana
lyses are needed.

A key limitation in seagrass blue carbon research is the knowledge 
gap in species-specific Cstocks data, particularly for smaller seagrass 
species, constraining general inferences and Cstocks quantifications 
(Kennedy et al., 2022; Mishra et al., 2023; Ricart et al., 2020; Stankovic 
et al., 2023). This study addressed this limitation, finding significant 
species-specific differences in total biomass (aboveground + below
ground) Cstocks in both H. ovalis (0.07–0.08 Mg C ha− 1) and H. beccarii 
(0.13–0.16 Mg C ha− 1; Table S5, Fig. S5). These Cstocks values are 
comparable to previous studies determining the total biomass of 
H. beccarii across China’s coastline (Jiang et al., 2017a, 2017b; Ren 
et al., 2024). However, the biomass Cstocks observed for H. ovalis in this 
study were similar to H. ovalis biomass Cstocks from Qilianyu Lagoon, 
China (0.04–0.10 Mg C ha− 1), but lower than those from Hainan Island, 
China (0.20–0.28 Mg C ha− 1) (Jiang et al., 2017a, 2019). These con
trasting findings are likely due to the differences in total biomass of 
H. ovalis (16.46–97.1 g DW m− 2and H. beccarii (31.41 g DW m− 2), as 
well as the biomass Cstocks (H. ovalis; 0.08–0.07 Mg C ha− 1, H. beccarii; 
0.13–0.16 Mg C ha− 1; Table S5) (Jiang et al., 2017a, 2019).

The supply of nitrogen in seagrass ecosystems is typically limited, but 
high standing stocks of nitrogen can lead to higher growth rates 
(Papadimitriou et al., 2005). The Pearl River is affected by highly sea
sonal, anthropogenic nitrogen loading (Archana et al., 2018) resulting in 
higher δ15N values in both seagrass species during the wet season 
(Fig. 5). Seagrass biomass C:N ratios are good indicators of a higher 
nitrogen assimilation rate (Duarte, 1990; Lee and Dunton, 2000), with 
higher C:N ratios and lower nitrogen levels evident for H. ovalis in the 
dry season, where lower relative nitrogen assimilation occurred (Fig. 5). 
This increased nutrient enrichment during the wet season likely facili
tated H. beccarii meadows in generating ⁓1.5-fold higher aboveground 
and belowground biomass, with enriched δ15N (5.9–12.20 ‰; Table S5) 
accumulation in belowground tissues, in comparison to the dry season 
(Table S5). Such enriched δ15N values are also an indication of local 
wastewater input from raw sewage, which has been observed in coastal 
waters surrounding Hong Kong (Archana et al., 2018), and for H. beccarii 
meadows in regions of coastal China (Luo et al., 2022). Similarly, 
eutrophication has been observed to lead to higher δ15N values (9.3 ‰) 
in H. ovalis meadows across China’s coastline (Lin et al., 2021).

Conversely, chronic nutrient enrichment can profoundly alter sea
grass meadows over short-term and decadal timescales, leading to shifts 
in ecosystem structure and function (Liu et al., 2016, 2022). Elevated 
nutrient levels often lead to the proliferation of epiphytes and macro
algae, which outcompete seagrasses (Liu et al., 2022). Nutrient-loaded 
seagrass litter also reduces leaf litter quality (i.e., low in recalcitrant 
organic matter concentrations), which can inhibit long-term carbon 
sequestration in seagrass meadows (Liu et al., 2024). Over time, chronic 
nutrient enrichment can disrupt multiple seagrass biochemical path
ways and microbial activity, resulting in lower seagrass biomass and 
reduced contribution of seagrass to long-term Cstocks (Liu et al., 2016, 
2022); which has been reported in populations for both H. ovalis and 
H. beccarii across China (Zhang et al., 2022; Yang et al., 2018; Jiang 
et al., 2022; Liu et al., 2024).

From this study, it is evident that in smaller seagrass species such as 
H. ovalis and H. beccarii, total Cstocks (biomass + sediment) are domi
nated by sediment Cstocks (99 %) rather than biomass (Fig. 6c–Table S4, 
Table S5). The range of total Cstocks in H. ovalis (28.97–31.54 Mg C ha− 1) 
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and H. beccarii (20.64–34.01 Mg C ha− 1) sediment showed the greatest 
fluctuations in relation to seasonal nutrient input, in comparison to 
minimal changes in biomass Cstocks (Fig. 6a–Table S4, Table S5). Though 
the contribution of biomass carbon towards total Cstocks seems minimal, 
it is important to note that sedimentary carbon burial in part originated 
from the degradation of seagrass plant material, therefore highlighting 
the key contributory role of sediment Cstocks. In addition, these small 
seagrass species also support significant biogeochemical functions (e.g., 
trapping sediment particles from the water column in rhizome networks, 
burial and cycling of autochthonous carbon), which also provide major 
contributions towards sediment Cstocks (Ren et al., 2024; Su et al., 2020; 
Wu et al., 2020; Zou et al., 2021). Consequently, the belowground 
biomass of both seagrass species contributed significantly towards the 
sediment Cstocks pool, especially in the wet season, when growth is 
higher (Fig. 4, Table S5).

A recent review (Macreadie et al., 2021) estimated that management 
of blue carbon ecosystems (inc. Seagrasses, mangroves, saltmarshes etc.) 
could mitigate ⁓3 % of annual global greenhouse gas emissions. 
However, the significant Cstocks found in this study in the upper sedi
mentary layer (15 cm) of the two seagrass species studied, compared to 
other areas of China, highlight their potential to be utilized as a NbS to 
climate change mitigation and contribute towards Hong Kong’s Climate 
Action Plan 2050 (Hong Kong SAR Government, 2021). Further, the 
total CO2 accumulation capacity of Hong Kong’s seagrass meadows 
across seasons (780.37–972.61 Mg CO2) are presently incongruous with 
national climate action plans (i.e., reduction ~20 billion tons by 2030) 
(Hong Kong SAR Government, 2021). It should be noted that: i) esti
mates were based on the upper sedimentary layer (15 cm), and ii) the 
meadows surveyed represent only 16.41 ha of Hong Kong’s total coastal 
area (~164,000 ha). Further interannual assessments of total Cstocks for 
the entire extent of Hong Kong’s seagrass meadows are essential to 
comprehensively determine the blue carbon potential of seagrass eco
systems for Hong Kong. The Cstocks storage potential of these seagrasses 
have important implications for carbon accounting in Hong Kong, 
underscoring the need for urgent management action of these rapidly 
declining seagrass populations, and other coastal wetland ecosystems, at 
both local and regional scales.

5. Conclusions

This study, for the first time, elucidates seasonal changes in Cstocks in 
seagrass biomass and sediment for the dominant seagrass species in 
Hong Kong, addressing important geographical, species-specific and 
seasonal knowledge gaps in seagrass blue carbon research across 
Southeast Asia and the coast of China. Although the results presented 
here represent a fraction of the total coastline in the Greater Bay Area (i. 
e., Guangdong, Hong Kong and Macao), this study provides insights into 
how seasonality and local nutrient loading (a proxy of urbanization) are 
driving changes in seagrass blue carbon stocks. Additionally, this study 
provides important baseline data of Cstocks in H. ovalis and H. beccarii 
meadows, which are prone to local nutrient loading from anthropogenic 
and riverine inputs, and how these impacts alter seagrass biomass and 
sediment carbon storage.
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