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Abstract

Coastal wetlands are important for their ability to regulate global climate through the sequestration and
long-term storage of carbon. Accurate quantification of ecosystem-specific carbon dynamics (including seques-
tration, storage, and fluxes) is needed to develop accurate carbon budgets that inform climate change mitiga-
tion. Most work to quantify carbon dynamics either use subsampling in core habitats or benefit transfers to
upscale values. While these approaches are valuable, our understanding of carbon dynamics across ecosystem
transitions and overall heterogeneity remains a critical gap in coastal ecosystems as boundaries are not always
clear. In this study, we established transects across both mangrove and seagrass ecotones into adjacent tidal flats
in Singapore to quantifying vegetation cover, soil carbon storage, and CO, fluxes. Vegetation cover in all transi-
tions and soil carbon storage in most transitions followed a decreasing sigmoidal pattern from vegetated to
unvegetated portions, but differed in rate and width. CO,, fluxes followed a peak distribution in mangrove-tidal
flat transitions with maximum values occurring within the mangroves and were correlated with pneumatophore
density, while seagrasses saw a linear increase in CO; fluxes from the seagrass to tidal flat. Seascape analysis of
soil carbon showed site-specific impacts that resulted in differences in carbon stocks (0%-8%) as well as the
width of these transitions. This study highlights the importance of understanding ecotones to better account
for edge effects, which can lead to the over or under estimation of carbon, and provides a needed step in
increasing the accuracy of blue carbon assessments in these critical ecosystems.

Coastal ecosystems are well known for the numerous eco-
system services they provide (Barbier et al. 2011). Recently,
emphasis has been placed on their role in macroclimate
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regulation, with mangrove forests, salt marshes, and seagrass
meadows drawing particular attention as these ecosystems can
sequester and store a disproportionately large amount of car-
bon per area compared to many other ecosystems (McLeod
et al. 2011; Taillardat et al. 2018). The carbon these systems
sequester and store, coined as “blue carbon,” and the quantifi-
cation and comparison of blue cartbon has been of increasing
interest over the last decade (Lovelock and Duarte 2019;
Macreadie et al. 2019). Researchers, practitioners, and govern-
ments alike depend on accurate estimates of blue carbon to
evaluate carbon storage and sequestration, understand the
ability of blue carbon systems to provide climate mitigation,
and understand potential impacts of both restoration and dis-
turbance. Estimates of blue carbon are often scaled up from
local measurements to total ecosystem area, using a value
transfer from regional data points, or less frequently by remote
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sensing approaches that are most suitable to model above-
ground carbon stocks (vegetation biomass) (Young et al. 2021).
Although these approaches provide a useful estimate of system-
wide carbon budgets, they are limited in their ability to capture
seascape heterogeneity (Sasmito et al. 2020), differences
between above- and belowground contributions (Owers
et al. 2022), and potential edge dynamics within and between
the boundaries of blue carbon ecosystems.

Seascape position, edges/boundaries, and connectivity has
long been investigated by foodweb and seascape scientists
(Bostrom et al. 2011) and the potential impacts of outwelling
(Odum 1968) has been a source of continued interest and
debate for blue carbon ecosystems, their adjacent counter-
parts, and other systems further afield (e.g. Hyndes et al. 2014;
Huxham et al. 2018; Krause et al. 2022). However, our under-
standing of the connectivity, overlap, and edge impacts in car-
bon pools across ecosystem transitions remains a critical gap
in understanding blue carbon dynamics, particularly at the
micro (1s-10s m)- and meso (10s-100s m)-spatial scale.
Boundaries of ecosystems are inherently difficult to define
(Holland et al. 1991; Strayer et al. 2003) as they may be dis-
crete or gradual (Gosz 1993) and what is observed above-
ground may or may not reflect belowground characteristics
(Titlyanova et al. 1999). Although remote sensing techniques
can provide information on some aboveground boundaries
depending on the attributes being mapped and resolution;
belowground properties and boundaries are far more difficult
to capture, and may not correspond directly to vegetation
cover or other metrics. Overlap may arise from plant-specific
structures, such as roots of the dominant vegetation across the
ecotone (Yando et al. 2018) or may also be a product of
the ecosystem, such as nutrient subsidies and exchange
(Wiens et al. 1985; Huxham et al. 2018; Bulmer et al. 2020).
Moreover, belowground spatial patterns may reflect past eco-
systems extents, geological processes, and disturbance events.
Critical evaluation of the heterogeneity of carbon stocks and
fluxes is needed particularly at habitat boundaries and at
scales relevant to these edges.

Heterogeneity of blue carbon stocks and fluxes has been
examined at a variety of scales between and within habitat
patches and ecosystems. Previous work has focused on com-
paring patch variability within individual blue carbon ecosys-
tems ranging from local studies to global comparisons and
between ecogeomorphic settings (Ricart et al. 2017, 2020;
Rovai et al. 2018). Additionally, prior studies have examined
differences in carbon dynamics between multiple blue carbon
ecosystems (e.g., mangrove vs. salt marsh vs. seagrass), made
comparisons between blue carbon and blue carbon adjacent
systems, or in a seascape approach (e.g., Simpson et al. 2019;
Saavedra-Hortua et al. 2020). Far fewer studies, however, have
examined within-patch heterogeneity in blue carbon ecosys-
tems (e.g., mangrove—Kauffman et al. 2011; seagrass—Ricart
et al. 2015; salt marsh—Arriola and Cable 2017). Both mea-
surements of between- and within-patch differences provide

55

Edge effects impact blue carbon dynamics

important information of heterogeneity and help to improve
estimates of carbon stocks and fluxes, while allowing for more
appropriate scaling. However, these approaches typically focus
solely on areas located within clearly distinct habitat patches
of a particular ecosystem and largely ignore carbon dynamics
within transitional ecotones between different vegetated
patches (Yando et al. 2018; Engelbrecht et al. 2024) or into
adjacent unvegetated patches (Sasmito et al. 2020). Ecotonal
environments may be limited in their contribution to carbon
accounting at the largest scales and in areas that have large con-
tinuous patches, but they are likely to have a more pronounced
effect on carbon estimates in patchy environments or at smaller
spatial scales where transitions and perimeter-area ratios are
high. Further, it is important to consider ecotones in environ-
ments where change (rapid or slow) is occurring due to natural
or anthropogenic factors, such as accretion, erosion, restoration,
or sea level rise (Woodroffe et al. 2016).

We examined soil carbon stocks and carbon dioxide fluxes
across two coastal ecotone types in Singapore: (1) the
mangrove-tidal flat transition and (2) the seagrass-tidal flat
transition. We specifically asked: (1) How do carbon stock and
carbon dioxide flux measurements change across ecotonal
transitions? (2) Do observed aboveground vegetation cover
estimates correlate with belowground soil properties and pro-
cesses across ecotonal transitions? (3) How can these measure-
ments be scaled up in the coastal seascape from transects to
patches to provide a more robust view of carbon stock esti-
mates? Through exploring these questions in a concise geo-
graphic area that includes mangrove, seagrass, and tidal flat
habitats, we aim to inform an understanding of local-scale car-
bon dynamics and heterogeneity in blue carbon seascapes, a
necessary step for robust quantification of coastal carbon
stocks and fluxes. Further, this work contributes to a broader
understanding of ecotone dynamics in coastal seascapes.

Methods

Study site and experimental design

Our study was conducted in the Southeast Asian citystate
of Singapore, with field sites focused on the Johor Strait which
separates Singapore from Malaysia. This area is a tropical tidal
estuary with mangroves occurring at median elevations from
—01m to +1.5m relative to mean sea level (Leong
et al. 2018), with supratidal elevations dominated by terrestrial
vegetation or built infrastructure. Seagrasses are found in the
low intertidal and subtidal portions of the tidal frame and
often co-occur with patchy corals and tidal flats. Our study
examined these coastal vegetated to unvegetated ecotones
(Fig. 1) with a focus on understanding the patterns of carbon
dynamics across transition zones (Fig. 1a). Coastal develop-
ment in Singapore has led to the loss of more than 90% of
mangrove forest (Lai et al. 2015), 45% of seagrass (Yaakub
et al. 2014), and ~ 75% of tidal flat habitats (Lai et al. 2015).
Common disturbances in the past have included conversion
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b. Aboveground transitions

Fig. 1. (a) Potential ecotonal transitions (not exhaustive) of carbon stocks and fluxes between vegetated and adjacent unvegetated ecosystems. The
shape of the curve may be metric-specific even within the same ecotone. (b) Aboveground ecotone for mangrove to tidal flat and seagrass to tidal flat.
Photos: top—Sungei Buloh Wetland Reserve, Singapore; bottom—Chek Jawa, Pulau Ubin, Singapore.

to freshwater reservoirs, land reclamation, infrastructure, and
aquaculture (Hilton and Manning 1995; Friess 2017). How-
ever, Singapore still maintains 931.1 ha of mangroves,
229.6 ha of seagrass (meadows and seagrass/algae mixes), and
636.3 ha of tidal flats (Tan et al. 2023). Species diversity of
vegetation is relatively high in Singapore’s coastal ecosystems,
with more than 35 species of mangrove (Yang et al. 2011) and
15 or more species of seagrass present (Yaakub et al. 2014).

Singapore receives an average of 2113 mm of rainfall per
year, maintains a tropical climate, and has two monsoon sea-
sons each year (Meteorological Service of Singapore 2024). The
Johor Strait has mixed semi-diurnal tides that reach 3-3.5m
during spring tides depending on location (Wyrtki 1961; Behera
et al. 2013) with varying amounts of freshwater inputs due to
damming and other impoundments restricting waterflow into
and across these waterways. The Johor-Singapore Causeway is
particularly important, which limits exchange to the western
half of the Strait.

At three locations we established transects (n = 3) running
from vegetated habitats (mangrove or seagrass) into the sur-
rounding unvegetated habitats (tidal flat) (Chek Jawa on Pulau
Ubin, Sungei Puaka on Pulau Ubin, and at the Sungei Buloh
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Wetland Preserve, Singapore) (Fig. 1b). Selected locations rep-
resented spatial variation in hydrogeomorphic settings and
vegetation communities, with Chek Jawa representing a sandy
coastal seagrass habitat, Sungei Puaka representing an open
tidal channel mangrove to tidal flat habitat in northeast
Singapore, and Sungei Buloh representing an estuarine man-
grove to tidal flat habitat in Singapore’s northwest coastline
(Fig. 2a). Additionally, these three sites are representative of
Singapore’s larger contiguous coastal habitats and are less frag-
mented than other urbanized and/or fringing coastal areas. All
transects ran perpendicular to the edge of each vegetated habi-
tat. Plots of 1 m? (1 m x 1 m) size were placed systematically
along each transect, with one plot located at the transitional
aboveground boundary between habitats (0 m), and addi-
tional plots located 1, 2, 4, and 8 m extending from either side
of the boundary into the adjacent vegetated (negative values;
Fig. 2b) or unvegetated areas (positive values; Fig. 2b). An
additional plot was also established at either end of the tran-
sect within the respective habitat where possible. These plots
were established to serve as an endpoint located within a dis-
tinct habitat patch (i.e., not within the ecotone), and thus the
location of these points differed in distance from the
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Fig. 2. (a) Map of Singapore with study locations listed: Sungei Buloh, Sungei Puaka, and Chek Jawa (three transects per location). Green
triangle = mangrove to tidal flat transitions and blue circles = seagrass to tidal flat transitions. (b) Depiction of transects and plot locations from vege-
tated (seagrass and mangrove) to unvegetated (tidal flat) with aboveground transition listed at 0 m mark (dashed line). Three transects were established
at each sampling location indicated on the map (n = 3). Plots were marked every few meters along the transect with negative numbers representing
plots in vegetated habitat, and positive numbers representing plots in nonvegetated habitat.

transition point depending on the habitat patch size so as not
to approach other nearby patches or ecotones (e.g., interior
tidal channel, upland, intertidal corals) (Fig. 2b) (endpoint
locations: Chek Jawa—seagrass: —20, —26, —38 m; Chek
Jawa—tidal flat: not possible at any of the three transects; Sun-
gei Buloh—Mangrove: —13, —19, -22 m; Sungei Buloh—tidal
flat: 22, 25 m, not possible for one transect; Sungei Puaka—
mangrove: —16, —20, —32 m; Sungei Puaka—tidal flat: 18,
22,22 m).
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Vegetation metrics

In transects with mangroves, aboveground metrics included
average canopy cover measured using a convex spherical den-
siometer (Model No. 43887, Forestry Suppliers Inc.). To limit
estimation errors across the transition, two measurements on
either side of the transect were averaged to avoid landward
and seaward cover influences. Pneumatophore density was
measured in a 0.25-m? quadrat centered in each plot. In tran-
sects with seagrass, aboveground metrics included total
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seagrass cover which was visually assessed in a 1-m? quadrat
centered on each plot. Visual assessments were suitable for
this site due to the limited number of species, the intertidal
position of the seagrasses, the relatively small size of the quad-
rat, and were always conducted by same individuals to reduce
variability.

Soil carbon storage and soil metrics

Soil carbon storage was determined at all points along the
transect by collecting a 1-m long (5.08-cm diameter) soil core
using a gouge auger. Cores were divided into four sections (0—
15, 15-30, 30-50, and 50-100 cm) (sensu Kauffman and
Donato 2012) in the field and a 5-cm long subsection was col-
lected from the midpoint of each section. Soil samples were
brought back to the lab, weighed (wet), and stored at 4°C prior
to processing. All soil samples were dried at 60°C until con-
stant mass was achieved, weighed (dry), and homogenized
and ground using a ball mill. For each sample, the moisture
(%) was calculated using wet mass and dry mass, and bulk
density (g cm>) was calculated using the dry mass and the
volume of each soil segment. Carbon analyses were completed
using an elemental analyzer (vario TOC cube, Elementar Inc.)
to provide total carbon of each sample. An additional sample
from each segment was run through the elemental analyzer
after being exposed to an acidified atmosphere for 24 h, irri-
gated with ultra-pure water, and dried at 60°C prior to analysis
to remove all inorganic carbon (carbonate) and provide total
organic carbon (TOC) values. Total inorganic carbon was cal-
culated by the difference between total carbon and TOC. All
samples were analyzed twice in the elemental analyzer and
averaged. Carbon stock in kilograms per square meter was cal-
culated to make suitable comparisons (similar to Howard et al.
2014) using corer area down to 1 m. All averaged data can be
found in Supporting Information Table S1.

Atmospheric CO; flux at soil surface

Along the previously described transects we measured net
carbon dioxide flux at all plots using a LI-COR 6800 (LI-COR)
portable photosynthesis system with adjoining soil flux cham-
ber (LI-COR 6800-09) (diameter: 20 cm) at low tide. All mea-
surements were completed on a combination of either a
10-cm soil collar or the soil collar and a closed cell foam mat
to ensure reduced sinking in the soft coastal sediments (see
Supporting Information Fig. S1 for all dimensions and specifi-
cations of two mats used). Duplicate measurements were taken
at each sampling time and location and subsequently aver-
aged, values where obvious issues with the chamber seal or
moisture were evident were removed prior to analysis. Mea-
surements were taken in February and March 2020 and again
in January and February 2021 to account for interannual vari-
ation in net flux. For seagrass and tidal flat systems, the net
CO, flux represents the entire ecosystem (plant, if present,
and soil), while for the mangrove systems it represents soil
and pneumatophore, if present, flux.
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Mapping of carbon stocks across the local seascape

To examine how scaling up and seascape arrangement influ-
ence an ecotone-specific assessment of carbon stocks compared
with traditional interior habitat-based estimates, we chose to
map our carbon stock data across each sampling location with
the goal of highlighting the magnitude and location of differ-
ences. Using a coastal habitat extent map from 2015 to 2017
(Tan et al. 2023) we cropped relevant areas based on natural
geographic boundaries (adjacent upland, shallow water, or
other habitat boundaries) for our areas of interest. For all simple
calculations we applied carbon stock values at kilograms per
square meter to each habitat type using the average of all mea-
surements at 8 m or more from the transition for each habitat
type. For all calculations using our ecotone measurements, we
calculated distance from the boundary across the local land-
scape and then calculated carbon stocks at a 1-m? resolution
using the terra (Hijmans 2023), landscapeR (Masante 2016),
and leaflet (Cheng et al. 2022) packages in R Studio (version
4.2.0) based on the TOC values from the TOC stock regressions
calculated in this study (see Data analysis section; Yando
et al. 2024). Additionally, the difference between the simple
carbon estimate and the ecotone carbon estimate was calcu-
lated (simple carbon — ecotone carbon) and plotted to high-
light areas of the largest differences present.

Data analysis

Independent variables included plot distance and pneumat-
ophore density and dependent variables included mangrove
cover, seagrass cover, carbon dioxide flux, and TOC stocks. All
data were assessed for quality and control prior to analysis.
Regression models were selected by R? in SigmaPlot using
regression modules. When similar, the simplest and most eco-
logically suitable models were selected. For sigmoidal regres-
sions, the inflection point (first derivative) and area of change
(second derivatives) were calculated to identify the location
and width of the transition [sigmoidal equation used f= y0
+ a/1 + exp(— [x — x0]/b)]. For additional information regard-
ing this workflow and calculating inflection points and area of
change see Timoney et al. 1993 and Hufkens et al. 2008.
Mixed effect models were used on flux data to determine if
year was a significant factor for its comparisons on transects
in RStudio. Since year was not significant and year-to-year dif-
ferences were not the focus of the analysis, regression models
(linear and Lorentzian peak) were used instead. For Lorentzian
peak models, peak maximums (y maximum), peak position (x
value at y maximum), and peak width were calculated. Peak
width was calculated using half width of half peak maximum
to provide a standardized measurement of Lorentzian peak
width (y maximum/2 =x1 and x2 — distance from x1 to
x2 = full peak width of half peak maximum — full peak width
of half peak maximum/2 = half peak width of half peak maxi-
mum) (example code present in Yando et al. 2024). Model
confidence for all analyses was assessed using 95% confidence
intervals, R? values, AICc values, and F-values where suitable
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(Nakagawa et al. 2017). Analyses were conducted in RStudio
(Team RStudio 2024) and SigmaPlot (Systat 2023).

Results

Vegetation metrics

Seagrass cover followed a sigmoidal decrease from across the
aboveground transition from seagrass plots (60%) to tidal flat
plots (0%) (Fig. 3a; Table 1). The inflection point was located at
—0.04m on the transect with a narrow transition zone of
~ 30 cm based on the model, but confidence intervals highlight

Edge effects impact blue carbon dynamics

a large amount of uncertainty due to variability at this transi-
tion (Fig. 3a; Table 1). Mangrove cover in both the Sungei Buloh
and Sungei Puaka locations also decreased in a sigmoidal man-
ner from inner mangrove sampling plots (~ 100%) to the sur-
rounding tidal flat (0%) (Fig. 3; Table 1). Both locations had
similar inflection points at 0.84 m (Sungei Buloh) and 0.66 m
(Sungei Puaka), but the area of transition was 50%—-60% wider
at Sungei Buloh compared to Sungei Puaka with less uncertainty
compared to seagrass models (Fig. 3; Table 1). When compared
to interior locations (< —8 m) both locations achieved compara-
ble mangrove cover within 4 m of the aboveground transition.
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Fig. 3. Aboveground cover (%), total organic carbon (kg m~2), and carbon dioxide flux (umol m~2 s~") across the vegetated-unvegetated boundary at
Chek Jawa—seagrass to tidal flat (a, d, g); Sungei Buloh—mangrove to tidal flat (b, e, h); and Sungei Puaka—mangrove to tidal flat (¢, f, i). All transects
start in vegetated components (negative plot values) and end in unvegetated portions (positive plot values). All solid lines indicate fitted regressions (see
Table 1 for details). Dashed vertical lines indicate inflection point in sigmoidal regressions (a—f) or the maximum in peak models (h, i). All blue or green
boxes indicate the area of transition for all sigmoidal and peak regression models. Dotted lines with shaded intervals indicate 95% confidence interval.
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Table 1. Summary of statistical models’ parameters used to describe aboveground cover, soil total organic carbon, and carbon dioxide
fluxes across all locations by plot unless otherwise noted. AoT is the area of transition—see Data analysis section for details.

Model type R? Inflection point (m) AoT (min) AoT (max)
Seagrass cover (%)—Chek Jawa Sigmoidal 0.833 —0.042 -0.204 0.120
Mangrove cover (%)—Sungei Buloh Sigmoidal 0.933 0.849 —0.584 2.281
Mangrove cover (%)—Sungei Puaka Sigmoidal 0.953 0.666 —0.323 1.654
Seagrass TOC (kg m~2)—Chek Jawa NS
Mangrove TOC (kg m*Z)—Sungei Buloh Sigmoidal 0.259 1.631 0.186 3.076
Mangrove TOC (kg m*Z)—Sungei Puaka Sigmoidal 0.160 2.052 —2.424 6.528
Model type R? p Peak location (m) Peak width (m)
Seagrass CO; flux Linear 0.265 <0.001 NA NA
(umol m~2 s~ 1)—Chek Jawa
Mangrove CO, flux Lorentzian peak 0.352 NA -8.162 8.346
(umol m~2 s~")—Sungei Buloh
Mangrove CO; flux Lorentzian peak 0.232 NA —4.370 4.303
(umol m~2 s~")—Sungei Puaka
Mangrove pneumatophore x CO; flux Exponential 0.473 <0.001 NA NA
(umol m~2 5*1)—Sungei Buloh
Mangrove pneumatophore x CO, flux Exponential 0.307 <0.001 NA NA

-2 5—1

(umol m )—Sungei Puaka

Soil carbon storage

Total organic carbon of the measured soil profile showed a
declining sigmoidal pattern across both mangrove to tidal flat
transitions when integrated over depth, but seagrass to tidal
flat transitions did not show a robust pattern and had a large
amount of variability. The seagrass bed had values from ~ 10-
20 kgTOC m™? across the entire transition (Fig. 3d). Along
both mangrove to tidal flat transitions the mangrove areas
maintained on average 40-45 kgTOC m * and the adjacent
tidal flats maintained on average 30-35 kgTOC m~? (Fig. 3e,f).
Both mangrove transitions had inflection points in similar
locations along the transect at ~ 1.6-2.1 m into the tidal flat
(Fig. 3e,f; Table 1). Sungei Buloh’s area of transition for soil
carbon was relatively discrete with a width of ~ 3.3 m, while
Sungei Puaka’s area of transition was much more gradual with
a width of nearly 9 m in our model (Fig. 3e,f; Table 1). Sungei
Buloh, however, had a larger range of variability in measured
TOC values, especially in mangrove areas within 4 m of the
tidal flat transition and both locations showed the greatest
variability in areas surrounding either side of the aboveground
transition.

Atmospheric CO; flux at soil surface

Carbon dioxide flux in seagrass to tidal flat transitions
followed an increasing linear trend with interior seagrass bed
endpoints (—8 m or less) having the most negative values at
~ —1 umol m~%s~! and the tidal flat endpoints (8 m or more)
approaching a neutral carbon dioxide flux (0 yumol m?%s™')
(Fig. 3g; Table 1). Mangrove to tidal flat transitions, however,

followed a Lorentzian peak distribution for carbon dioxide soil
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flux and generally remained positive for both Sungei Buloh
(Fig. 3h) and Sungei Puaka (Fig. 3i; Table 1) with only a few
values slightly below zero. Both mangrove sites saw their peak
flux values (>3 gmol m~?s~!) within the mangrove forest at
—8.2 m and — 4.4 m from the aboveground transition for the
Sungei Buloh and Sungei Puaka location, respectively. Sungei
Buloh’s carbon dioxide flux peak width was also wider com-
pared to the Sungei Puaka which had a far more discrete peak
(Table 1). At both locations flux values across the transition in
the tidal flats saw declines to rates of ~ 0.5-1 ymol m~2s~!
and interior mangrove forest locations saw declines to rates of
1-2 ymol m % s~ ! of CO, (Fig. 3h,i). It is important to note
that flux values varied greatly across the ecotones and that at
the transition the model fit was not as strong (overall R* 0.23-
0.35; Table 1). Carbon dioxide fluxes were further compared
to pneumatophore density in mangrove to tidal flat transi-
tions and both saw an exponential relationship with increas-
ing pneumatophore density resulting in greater carbon
dioxide fluxes (Fig. 4a,b).

Mapping of carbon stocks across the local seascape

We compared simple carbon stock evaluation techniques
(i.e., simple estimate type) that only use estimates from inte-
rior portions of the respective ecosystems (Fig. 5a,b) to our
estimates of carbon stock values (Fig. 5¢,d) (i.e., ecotone esti-
mate type) which were interpolated and extrapolated using
regression values across the ecotone and mapped at a spatial
landscape scale for each of our three locations. This was only
done for the two mangrove transitions as the seagrass transi-
tion did not see significant differences in the regression
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analysis. The difference in estimated values of carbon stock
per area (kg m %) were largest at the habitat edges, especially
at the Sungei Puaka mangrove-tidal flat site (Fig. 5c,f). Differ-
ences at the Sungei Buloh mangrove-tidal flat site were less
substantial, but still present (Fig. Sb,e). When comparing the
overall totals of estimates at the patch level we found that
changes were small (+ 1%), but within habitat differences
were more pronounced. In Sungei Puaka, mangrove carbon
stocks were overestimated by 2% and tidal flat carbon stocks
were underestimated by 4%, while in Sungei Buloh mangrove
carbon stocks were overestimated by 0.2% and tidal flat car-
bon stocks were underestimated by 8%.

Discussion

We examined ecotones between vegetated and unvegetated
portions of the coastal seascape and analyzed the differences
between aboveground boundaries and belowground carbon
storage and fluxes. Aboveground boundaries in seagrass and
mangrove ecosystems were relatively concise and rapidly
transitioned in their vegetation cover from vegetated portions
to adjacent unvegetated areas following a sigmoidal pattern.
Belowground carbon storage and flux values, however, ranged
in the shape and rate of their transition between the vegetated
and unvegetated areas and differed depending on the ecosys-
tems being examined. Translated to the local seascape, these

patterns highlight the importance of understanding transi-
tional zones to better understand edge impacts and heteroge-
neity/variability and contribute to a more accurate estimate of
these critical ecosystem properties (carbon storage) and pro-
cesses (carbon dioxide flux).

Soil carbon storage vs. aboveground vegetation

In the seagrass-tidal flat transitions, we found no significant
change in carbon stocks in adjacent tidal flat locations and at
the edges of the seagrass bed compared to interior seagrass bed
locations, but we did find greater variability. This is quite dif-
ferent from the aboveground portions and warrants further
exploration of the sources of carbon as tidal flats commonly
maintain lower amounts of carbon compared to seagrasses
(Ricart et al. 2015). Potential sources of carbon at edge and
tidal flat portions could be landward mangroves, previous
seagrass beds, benthic algae contributions, or allochthonous
carbon sources via river or tidal deposition from terrestrial or
marine sources (Kennedy et al. 2010; Oreska et al. 2018).
Many of the seagrass species present at the site are pioneer
species (Yaakub et al. 2013) which may limit the amount of
carbon stored in the soil and their ability to sequester and
store carbon due to their small stature, recent establishment,
and sometimes ephemeral nature (Alemu et al. 2022). Sedi-
ment grain size is another known potential control to carbon
storage (Kelleway et al. 2016) in coastal sediments with this
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area maintaining patches of both sand and finer silts/muds.
Several previous studies on the site also examined various blue
carbon storage components of both seagrass beds (Alemu
2022) and across the broader seascape (Phang
et al. 2015; Saavedra-Hortua et al. 2020) and similarly found

et al.

that seagrasses contain low levels of carbon and the
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unvegetated tidal flats often contain similar or slightly higher
values. Overall, our values are lower than global means
(Fourqurean et al. 2012). Seascape arrangement has also been
observed to play a significant role in carbon storage in seagrass
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systems elsewhere with seagrass beds adjacent to mangroves
receiving allochthonous subsidies (Asplund et al. 2021). Previ-
ous work in other areas has found the opposite trend as our
study with adjacent areas and seagrass edges having less car-
bon than interior portions (Ricart et al. 2015), but these sys-
tems may have been more established or not have had nearby
mangrove forest patches/other subsidies. Our values may
reflect more recent changes in either ecosystem distribution,
sediment dynamics, disturbances, or other changes that
impact carbon accumulation.

In mangroves, soil carbon storage has been shown to be
greater in interior portions of mangrove patches compared to
fringes (Simpson et al. 2017; Sasmito et al. 2020) with our
findings showing a similar overall trend and providing addi-
tional spatial resolution to the decrease across the above-
ground ecotone into the surrounding tidal flats. Whereas
aboveground vegetation cover transitions were relatively con-
cise with narrow transition zones, belowground carbon stock
transitions maintained a wider sigmoidal transition with
broader but differing areas of transition, perhaps due to differ-
ences in site geomorphology and wave energy. For both sites
we found that adjacent portions of tidal flats (0-4 m from
aboveground transition) contained similar levels of stored soil
carbon compared to the edge portions of mangroves. These
findings add finer scale resolution to both experimental and
conceptual work examining overflow of carbon from blue car-
bon ecosystems into nearby areas (Huxham et al. 2018;
Bulmer et al. 2020; Yan et al. 2024). In addition to cross
boundary subsidies from other terrestrial or marine systems,
this may also be due to previous blue carbon ecosystem extent
(Kelleway et al. 2017), historical terrestrial peat systems
(Stevenson et al. 2022), belowground root subsidies into sur-
rounding sediments (Yando et al. 2018), or faunal redistribu-
tion of sediments through burrowing or digging (Xiao
et al. 2020; Agusto et al. 2022). While soil carbon stocks
showed a wider area of transition than aboveground portions,
the transition occurred over a smaller distance compared to
other studies that examined fringing mangroves at a coarser
resolution (Sasmito et al. 2020). The relatively discrete edges
observed in this study may be due to the broader geomorphic
setting and anthropogenic impacts that resulted in relatively
narrow mangrove patches compared to other highly extensive
mangrove forests found elsewhere in Southeast Asia.
Mangrove-tidal flat ecotonal areas, —5 to 5 m on the transects,
also saw larger amounts of variability at the aboveground tran-
sition compared to interior portions (see Fig. 3e,f). This may be
due to the capture of subsidies from both seaward and land-
ward portions of the seascape (logs, sand or wrack deposits,
trapped litter, etc., personal observation), previously existing
mangrove extent that has been reduced due to erosion/
degradation (Kelleway et al. 2017), or the dynamic nature of
edges. Our work further emphasizes heterogeneity within the
systems particularly at the edges and the importance of robust
sampling efforts so as not to over- or underestimate stocks.
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While carbon stock values at these sites were greater than pre-
vious work done in Singapore for both mangroves and tidal
flats (Phang et al. 2015) these stock estimates are still on the
overall lower end of soil carbon stocks for mangroves globally
(Kauffman et al. 2020; MacKenzie et al. 2021), which may
reflect the disturbance history (direct and indirect) of urban
mangroves, including historical harvesting, pollution, shrimp
ponds, land reclamation efforts, industry, and nearby dredg-
ing (Hilton and Manning 1995; Friess et al. 2012).

Atmospheric CO, flux at soil surface

Our carbon dioxide flux results showcase a small, but statisti-
cally significant increase from within the seagrass beds, across
the aboveground ecotone and into the surrounding tidal flat.
This response is largely expected, as sequestration was occurring
due to photosynthesis during low tide measurements in the
seagrass bed. Carbon dioxide flux within mangrove-tidal flat
transitions maintained a Lorentzian peak distribution at both
locations with a maximum flux just within the mangrove forest
in both years sampled. We are confident that our measure-
ments are accurate with this unexpected pattern but acknowl-
edge that our sampling was also restricted to low tide.
Pneumatophores likely play a role in this flux peak as pneumat-
ophore density was correlated to carbon dioxide flux following
an exponential increase (Fig. 4a,b). While pneumatophores are
well known for their ability to allow for gas exchange
(Scholander et al. 1955; Bjorn et al. 2022), a spatial examination
of their gas exchange has not previously been explored to our
knowledge. Pneumatophores in this study were from the
Avicennia genus (A. alba and A. officinalis), a genus commonly
found in tidal flat adjacent portions of the mangrove forest
(described in Singapore by Leong et al. 2018). The flux values
we measured were similar to those seen by Simpson et al.
(2019) who measured at the interior and fringe of mangrove
patches in Florida; we further observed similar increases in vari-
ability at and around the aboveground transition as their work.
Values from other studies commonly show elevated fluxes in]
mangrove habitats compared to adjacent unvegetated areas
(Martin et al. 2020), although this was minor when comparing
interior portions of the mangrove and interior tidal flat loca-
tions. To gain a fully comprehensive understanding of fluxes in
all of these systems we would need to sample throughout the
tidal cycle as well as the respective adjacent portions of the sea-
scape (Call et al. 2015). Understanding flux measurements in
blue carbon systems is a common challenge, but highly needed
for accounting and refining carbon budgets in these systems
and the broader seascape (Bouillon et al. 2008; Macreadie et al.
2021) and specifically in southeast Asia (Sharma et al. 2023).

Implications of spatial variation when extrapolating to the
seascape

Aboveground extent via habitat maps is most commonly
used to extrapolate average values from interior portions of
patches in blue carbon assessments, with minimal
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incorporation of heterogeneity from interior to edge across
those habitats. Patch edges have been shown to have differ-
ences from the patch interior regarding structure, function,
and communities in both mangrove and seagrass (Lovelock
et al. 2005; Yarnall et al. 2022). Our findings suggest that het-
erogeneity across habitat ecotones should be considered in
blue carbon assessments when possible as our study saw differ-
ences of 0%-8% from traditional assessments. Our use of
high-frequency sampling, paired with regression and subse-
quent extrapolation, provides increased resolution in portions
of the seascape that are likely to have the greatest heterogene-
ity as seen in our measurements. The differences in estimates
in our mangrove-tidal flat transitions showcase the over-
estimation of mangrove soil carbon (— 0.2%-2%; 8-70 MgC)
and underestimation of tidal flat carbon in mangrove adjacent
areas (3%-8%; 38-58 MgC). Our model estimates are not with-
out their own uncertainties as the data used to produce these
models maintained variability. The overall ability to provide
increased accuracy for carbon estimates, however, is particu-
larly salient in highly fragmented habitats and in the context
of the broader seascape (Call et al. 2015; Krause et al. 2022).
Further this work highlights the need to account for not only
ecotonal areas, but also consider the importance of non-
vegetated habitats, especially in proximal locations to vege-
tated portions (Lovelock and Reef 2020; Sasmito et al. 2020).
These nonvegetated systems may store carbon derived from
blue carbon ecosystems whether it is through transport or
habitat migration, with the latter being particularly important
with sea level rise. In addition to systems adjacent to blue-
carbon habitats presently, unvegetated tidal flats may also be
found in developed areas where blue carbon habitats previ-
ously existed and may continue to store some of the carbon
sequestered by those former ecosystems, yielding another rea-
son to protect and maintain unvegetated portions of the sea-
scape (Meijer et al. 2021; Krause et al. 2022; Al Disi
et al. 2023).

Conclusions

This research builds upon previous work examining multi-
ple coastal ecosystems in the context of their position in the
seascape with a focus on heterogeneity, something that has
been a staple of habitat usage studies (Bostrom et al. 2011),
but has only recently been examined for carbon storage and
sequestration. This work paired with others examining sea-
scape impacts (e.g., Huxham et al. 2018; Bulmer et al. 2020;
Krause et al. 2022) provides important context at the micro-
and meso-spatial scale. Understanding the importance of
patch sizes, aggradation, and arrangement remains to be
understood in blue carbon ecosystems. Further, understanding
the scale at which ecotone dynamics are important is critical,
as large spatial scales and systems with small perimeter-area
ratios will likely see small differences in net system carbon
stock and sequestration estimates. Finally, we must
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acknowledge that this method of sampling is both labor and
financially intensive. The need for incorporating heterogene-
ity and accounting for ecotonal and edge effects into blue car-
bon and ecosystem service assessments is paramount to
bridging the gap between plot-based studies and seascape scale
estimates. With additional studies there is a possibility that
correction factors to account for ecotone impacts could be
developed, but this requires greater investigation in other sys-
tems to determine if similar patterns are observed in other
geographic and geomorphic regions as well as salt marshes. By
refining our understanding of carbon stocks and sequestration
we can further understand both the pattern and process of
these critical ecosystems and their influence on the coastal
seascape.

Data availability statement

All data and example code is available on GitHub (Yando
et al. 2024; DOI: 10.5281/zenodo.13863628).
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