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A B S T R A C T   

Saltmarshes are acknowledged to be “carbon hotspots” due to their capacity to trap and store large quantities of 
carbon (C) within their soils and potentially have the ability to regulate climate over different timescales. In-turn 
governments and international organizations are now recognizing the need to include these intertidal ecosystems 
in national and global C accounting. Yet, in many regions, estimates of organic carbon (OC) storage and the rate 
at which OC is buried in saltmarsh soils either do not exist or are not at the scale necessary for inclusion in 
national C budgets. Here we bring together tools from across the geosciences to investigate the quantity of OC 
held within the soil and above/belowground biomass, alongside estimates of the rate at which OC accumulates 
and the source of the OC within the soils of four contrasting Scottish saltmarshes. Using radiometric dating 
techniques it is estimated that OC accumulates at a rate of between 29.1 and 198.1 g C m− 2 yr− 1 across the 
different study sites. In contrast, the source of the OC varies little across the sites with 73%–99% of the OC within 
the saltmarsh soil originating from terrestrial/in situ sources; marine-derived OC plays a minor role in the 
development of the saltmarsh OC stocks. Using average values derived from the four sites it is possible to make 
first-order estimates of saltmarsh OC stocks and accumulation rates for all Scotland’s 240 mapped saltmarshes 
(58.68 km2). It is estimated that across Scotland saltmarsh habitat stores 1.15 ± 0.21 Mt OC which is supple-
mented by an additional 4385 ± 481 tonnes of OC each year.   

1. Introduction 

Blue carbon ecosystems (Nellemann and Corcoran, 2009) such as 
saltmarshes are valued for their ability to trap and store large amounts of 
carbon (C) in their soil (McLeod et al., 2011; Duarte et al., 2013). It is 
estimated that saltmarsh habitats occupy 54,951 km2 (Mcowen et al., 
2017) of global coastlines and store between 0.4 and 6.5 Pg of organic 
carbon (OC) within their soils (McLeod et al., 2011; Duarte et al., 2013). 
Additionally, it is estimated that a further 4.8–87.3 Tg C yr− 1 is trapped 
and stored in saltmarshes (McLeod et al., 2011). The magnitude of these 
saltmarsh OC stores and their potential to assist in regulating climate is 
now widely recognized (Macreadie et al., 2019, 2021). However, salt-
marshes are degrading globally at a rate of 1–2% yr− 1 increasing the 
likelihood that these globally significant OC resources will be lost by the 
end of the century unless significant efforts are made to preserve these 
habitats (Duarte et al., 2008; Crosby et al., 2016; Horton et al., 2018; 
Schuerch et al., 2018). Quantifying the OC stored and accumulating in 

saltmarshes is crucial to understanding the coastal C cycle, national 
carbon accounting, the carbon and climate impact of habitat loss, and 
supports habitat restoration (Granek et al., 2010; Theuerkauf et al., 
2015; Rogers et al., 2019). 

Key to these goals is quantifying the amount of OC held with salt-
marshes, the rate at which OC accumulates and the source of the OC. 
Globally, such C assessments have largely focused on tropical/sub- 
tropical areas such as Australia (Lovelock et al., 2014; Brown et al., 
2016; Kelleway et al., 2016) and the Gulf of Mexico (Thorhaug et al., 
2019; Vaughn et al., 2020) with significantly less attention to systems 
found in temperate and boreal regions, with very limited estimates for 
NE Atlantic saltmarshes (Mueller et al., 2019a, 2019b). To date, as-
sessments of the total OC stocks of saltmarshes in the United Kingdom 
have been limited to a single marsh (Porter et al., 2020; Ladd et al., 
2022) or focused on understanding the OC stored in the uppermost 
(normally 10 cm) soil (Ford et al., 2019; Harvey et al., 2019; Austin 
et al., 2021; Smeaton et al., 2022a). Further, our quantification of the 
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source of the OC held within these marshes’ is poor, with little data 
available on autochthonous primary production and the import of 
allochthonous OC from external sources (terrestrial and marine envi-
ronments) within an UK context. Understanding allochthonous and 
autochthonous OC contributions to the saltmarsh is crucial for C 
reporting as only autochthonous OC can be considered sequestered from 
the atmosphere and to provide a climate regulation service (Mueller 
et al., 2019b). In contrast the allochthonous OC and its role in climate 
mitigation is currently unclear. Finally, saltmarshes in the UK lack OC 
accumulation rate (OCAR) data with most studies (Burrows et al., 2017, 
2021; Gregg et al., 2021) applying the global OCAR of 244.7 ± 26 g C 
m− 2 yr− 1 (Chmura et al., 2003; Ouyang and Lee, 2014). Using this global 
average is likely to result in significant overestimations due to the 
average OCAR value being largely derived from tropical/sub-tropical 
saltmarshes. The lack of estimates of the quantity of OC held within 
saltmarshes and the rate at which OC is accumulating is hindering our 
ability to quantify Scotland’s blue carbon resource and the role these 
saltmarshes play in global climate regulation. 

Saltmarsh habitat is found across the Scottish coastline in highly 
contrasting environments ranging between fringing systems in rivers to 
estuarine and embayment marshes (Haynes, 2016). The location of these 
marshes around the coast results in significant difference in source and 
quantity of sediment supplied to the marshes. (Ladd et al., 2021). The 
large geographical spread of the habitat results in marshes being found 
in settings dominated by both mud and sand which results in high 
variability in the marshes potential to trap and store OC (Kelleway et al., 
2016; Smeaton et al., 2022b). Further, due to changes in Holocene sea 
level (Shennan et al., 2018) the Scottish saltmarshes are some of the 
oldest in the UK. The marshes in the North of Scotland formed over the 
last two millennia compared to marshes in the South of the UK which 
have only developed in the last 300 years (Barlow et al., 2014; Long 
et al., 2014). The extended timeframe for marsh development in Scot-
land potentially allows significant OC stocks to build in comparison to 

other UK settings. These characteristics make Scottish saltmarshes an 
ideal location to investigate OC storage and burial dynamics in a North 
Atlantic setting. 

In this study, we (i) bring together field and laboratory analyses to 
quantify the OC stored in the above and belowground biomass alongside 
the soil of four contrasting Scottish saltmarshes, (ii) estimate the rate at 
which OC is accumulating in the different marsh zones of these salt-
marshes using radiometric dating techniques, (iii) identify and quantify 
the source of the OC held within the soil of the marshes by using stable 
isotopes in conjunction with a Bayesian mixing model, and (iv) using 
geospatial techniques upscale these finding to provide the first national 
assessment of OC storage and accumulation in Scottish saltmarsh habi-
tats. Through a better understanding of these factors, we aim to provide 
greater insight into the deposition, accumulation, and storage of OC in 
Scotland’s saltmarsh ecosystems. These insights allow comparisons to be 
made with other global blue carbon ecosystems and allow the role these 
saltmarshes play in the C cycle to be better defined, providing a foun-
dation for saltmarshes to be included in national C inventories. 

2. Study sites 

Saltmarsh occupies 58.68 km2 of Scotland’s coastline (Haynes, 2016, 
Fig. 1A) which represents ~13% of saltmarsh habitat in the UK (Burden 
et al., 2020). The geomorphology of the Scottish coastline results in a 
high number (240 surveyed) of small (mean size: 0.25 km2) saltmarshes 
with only nine Scottish saltmarshes extending beyond 1 km2 in size. The 
saltmarshes at Dornoch Point (Fig. 1B), Morrich More (Fig. 1C), Skinflats 
(Fig. 1D) and Wigtown (Fig. 1E) are the focus of this study. These 
marshes have different physical characteristics (Table 1) and are broadly 
representative of Scottish saltmarsh habitat in the major estuaries of the 
east and southwest (Solway Firth) coasts (Adam, 1978; Burd, 1989; 
Haynes, 2016). Together these four saltmarshes occupy an area of 11.83 
km2, which is equivalent to 20.17% of Scotland’s mapped saltmarsh 

Fig. 1. Location of sampling sites. (A) Location of the four study sites in the context of all Scotland’s mapped saltmarshes (>0.03 km2) (Haynes, 2016). Soil core 
collection sites (white symbols) at (B) Dornoch Point, (C) Morrich More, (D) Skinflats, (E) Wigtown. Vegetation communities used to classify the marsh zones are 
detailed in Supplementary Table 1. Locations and the elevations of the wide diameter cores (yellow labelled squares) are detailed in Supplementary Table 2. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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habitat. 

3. Methods 

3.1. Sampling 

To estimate saltmarsh soil OC stocks, cores were retrieved in autumn 
2019 along three transects on each marsh (Fig. 1B–E). The idealised 
sampling strategy would have two transects running perpendicular to 
the shore intersecting the different marsh zones (high, low-mid and 
where present pioneer zones), and a third transect running diagonally on 
the shore to intersect the two other transects (Ladd et al., 2022). 
(Fig. 1B–E; white points). At each site, the positioning of the transects was 
adapted to capture site specific conditions (e.g., geomorphology, hy-
drology) and avoid restricted areas (i.e., Morrich More), while still 
providing the samples required to estimate saltmarsh OC stocks and 
burial rates. Sample locations were spaced evenly and in proportion to 
marsh width. Coordinates of each coring site were taken using a DGPS to 
an average accuracy of ~2 cm. Soil cores were extracted using a narrow 
(3 cm) gouge corer pushed by hand to either a depth of 1 m, or until a 
resistant basal layer was reached, assuring minimal compaction 
following the approach described by Smeaton et al. (2020). Soil core 
profiles were described using the Troels-Smith classification scheme 
(Troels-Smith, 1955). Cores were sub-sampled in the field at depths of 
0–2 cm, 4–6 cm, 10–12 cm, 20–22 cm, 30–32 cm and so on, until 90–92 
cm. A total of 671 sub-samples from across the four saltmarshes (97 
Dornoch Point; 42 Morrich More; 298 Skinflats and 234 from Wigtown) 
were collected. Additionally, to calculate OC accumulation at these 
saltmarshes’ wide diameter (60 mm) gouge cores were collected to a 
depth of 1 m from the low-mid and high marsh zones at each saltmarsh 
(Fig. 1B–E; yellow squares), except for Morrich More where only a high 
marsh core was collected due to restricted site access (Fig. 1B). These 
cores were transported back intact to the laboratory. 

Samples were collected in the summer months of 2020, to under-
stand the contribution of aboveground (vegetation) and belowground 
biomass (roots, stolons and rhizomes) to the saltmarsh OC stock. The 
aboveground vegetation was surveyed within 1 m2 quadrats at 27 sites 
across the four saltmarshes. Vegetation composition was described 
following the British National Vegetation Classification (NVC) scheme 
(Rodwell, 2000; Sup. Table 1). Within each quadrat living vegetation 
was cut at soil level from an area of 0.125 m2 (Harvey et al., 2019). 
Belowground biomass cores were collected to a depth of 10 cm (Ford 
et al., 2016) using a wide diameter (6 cm) gouge corer from 11 locations 
across the low-mid and high marsh zones. 

3.2. Soil profiles 

On return to the laboratory the wide diameter cores were described 
according to the Troels-Smith classification scheme (Troels-Smith, 
1955). Through the examination of the Troels-Smith (1955) descriptions 
from both the narrow and wide diameter cores four distinct soil units 
were identified across the saltmarshes associated with saltmarsh and 

pre-saltmarsh environments (i.e., intertidal flat): 

Basal unit: This unit is formed of either fine silt or sand with low 
quantities of visible organic matter which is characteristic of the pre- 
saltmarsh intertidal environment (i.e., mudflat or sandflat). 
Transitional unit: The soil in this unit has similarities to the basal 
unit but with higher quantities of organic matter. This unit is char-
acteristic of pioneer marsh formation and represents the transition 
between intertidal flat and saltmarsh. 
Humified peat unit: This unit is formed of humified organic matter 
related to the decomposition of vegetation. This unit is found in both 
the low-mid and high marsh zones but is not found in every core. 
Fibrous peat unit: This unit is normally the uppermost in the soil 
profile and is formed of fibrous peat-like organic matter with large 
quantities of living roots. This unit is found in both the low-mid and 
high marsh zones. 

The fibrous peat, humified peat and transitional soil units are asso-
ciated with saltmarsh habitats and together will be referred to as salt-
marsh soil in this study. The basal unit represents the pre-saltmarsh 
environment either in the form of mudflat or sand flat (e.g., Mueller 
et al., 2019b). 

3.3. Soil physical properties 

The seven wide diameter cores were sliced at 1 cm intervals down the 
length of the core resulting in 305 samples in total. The 305 core slices 
were freeze dried to assure sample integrity for stable isotope analysis, 
while the 671 narrow core sub-samples were oven dried at 60 ◦C for 
three days. Prior to, and post drying the samples were weighed allowing 
the wet bulk density, dry bulk density and water content to be calculated 
following standard methodologies (Athy, 1930; Appleby and Oldfield, 
1978; Dadey et al., 1992). 

3.4. Above and belowground biomass 

The harvested aboveground biomass samples were oven dried at 
60 ◦C for three days. After drying, the material was weighed and the 
aboveground biomass calculated for each harvested quadrat (Harvey 
et al., 2019; Ford et al., 2019). The belowground biomass cores were 
gently loosened up by hand, prior to gentle shaking for 3 h in a 5% 
solution of sodium hexametaphosphate (Penk et al., 2020). Finally, the 
remaining soil was gently washed from the roots, stolons and rhizomes, 
through a 500 μm sieve (Harvey et al., 2019). This mesh size permits the 
removal of fine debris while retaining fine fragments. Fragments on the 
sieve were combined with the main portion of belowground biomass and 
dried at 60 ◦C for three days. Once dry, the material was weighed and 
the belowground biomass calculated. 

3.5. Bulk elemental and stable isotope analysis 

The dried soil samples from the narrow diameter gouge cores (n =
671), vegetation (n = 27) and roots (n = 33, 11 samples in triplicate) were 
homogenized to a fine powder in preparation for analysis. 30 mg of 
sample was weighed into a steel crucible and placed into a total organic 
carbon (TOC) analyser (Elementar “Soli TOC”). The Soli TOC analyser 
used the temperature gradient elemental analysis method (DIN 19539, 
2015; Natali et al., 2020; Smeaton et al., 2021a) to quantify OC and 
inorganic carbon (IC) from a single untreated sample. This is achieved 
through ramped heating of the sample at a rate of 70 ◦C min− 1 through 
sequential furnace temperatures of 400 ◦C, 600 ◦C and 900 ◦C. The 
carbon dioxide (CO2) evolved at the different temperatures represents 
the contribution of the various carbon fractions of the sample, i.e.: 
0–400 ◦C TOC; 400–600 ◦C residual oxidizable carbon (ROC), more 
commonly referred to as elemental C; and 600–900 ◦C total inorganic 
carbon (TIC). The amount of CO2 produced from each of the 

Table 1 
Physical characteristics of the four saltmarshes included in the study.  

Saltmarsh Type Area of Marsh Zones (km2) % of 
Scotland’s 
Saltmarsh Pioneer Low- 

Mid 
High Total 

Dornoch 
Point 

Back- 
barrier 

0.02 0.15 0.26 0.42 0.72 

Morrich 
More 

Back- 
barrier 

0.06 2.08 2.17 4.30 7.33 

Skinflats Fringing 
(Fluvial) 

0.00 0.15 0.22 0.37 0.63 

Wigtown Estuarine 0.57 1.94 4.22 6.74 11.49 
Scotland — 4.91 16.96 36.81 58.68 —  
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temperature windows is measured by infrared spectrometry. For the 
purposes of this study, OC was calculated as the sum of TOC and ROC, 
while IC equals the TIC value. The standard deviation of triplicate 
measurements (n = 40) was TOC: 0.06%, ROC: 0.05% and TIC: 0.11%. 
Further quality control was assured by the repeat analysis of standard 
reference material B2290 (TOC/ROC/TIC silty soil standard from 
Elemental Microanalysis, United Kingdom) these analyses of standards 
deviated from the reference value by: TOC = 0.05%, ROC: 0.07% and 
TIC = 0.10% (n = 75). 

The freeze-dried samples from the wide diameter cores were ho-
mogenized to a fine powder prior to analysis. To determine the bulk 
elemental (OC and nitrogen (N)) and stable isotope (δ13Corg and δ15N) 
composition approximately 12 mg of processed soil was placed into tin 
capsules and sealed. A further 12 mg was placed into silver capsules. To 
remove carbonate (CaCO3) the acid fumigation method (Harris et al., 
2001) was utilized. The samples encapsulated in silver were placed in a 
desiccator with a beaker of concentrated (37%) HCl at a temperature of 
60 ◦C for 72 h. To remove excess acid the samples were neutralized by 
replacing the acid beaker with ~20 g NaOH pellets for 60 ◦C for 72 h 
(Bao et al., 2019). The stable isotope analyses were undertaken at the 
James Hutton Institute using an elemental analyser coupled to an 
isotope ratio mass spectrometer (EA-IRMS). The acidified samples were 
analysed for OC and δ13Corg, while N and δ15N values were produced 
from the tin-encapsulated samples. By analysing the N and δ15N sepa-
rately, we reduce the potential risk of altering the isotopic values 
through the acid fumigation step (Kennedy et al., 2005). Triplicate 
measurements of samples (n = 20) produced standard deviations (1σ) of 
0.01% for N and 0.06‰ for δ15N, 0.03% for OC and 0.08‰ for δ13Corg. 
Further quality control was assured by repeat analysis of high OC 
sediment standard (B2151) with reference values. The reference stan-
dards (n = 28) deviated from the known values by: OC = 0.07%, δ13C =
0.11‰, N = 0.02% and δ15N = 0.13‰. The isotope values are reported 
in standard delta notation relative to Vienna Peedee belemnite (VPDB) 
and air. The C/N ratios are reported as molar ratios: C/N =

(OC/12)/(N/14). 

3.6. Saltmarsh OC stock estimation 

3.6.1. Aboveground and belowground OC stock 
The above and belowground biomass was combined with the 

measured OC content of that biomass (Section 3.5) to calculate mean OC 
storage values (kg C m− 2) for each marsh zone across the four salt-
marshes. The areal extent of the marsh zones for each saltmarsh was 
acquired from the best quality existing mapping (Haynes, 2016, Fig. 1). 
To account for the potential expansion and/or retraction of these salt-
marshes (Ladd, 2021; Ladd et al., 2021) since they were surveyed in 
2012, an error of ±5% was applied (Austin et al., 2021; Smeaton et al., 
2022c). The areal extents of low-mid and high marsh (Table 1) were 
combined with the OC storage values to calculate the OC stock (eqs. 
1-2).  

Aboveground biomass C stock (kg C) = area (m2) x aboveground biomass C 
storage (kg C m− 2)                                                                      (eq.1)  

Belowground biomass C stock (kg C) = area (m2) x belowground biomass C 
storage (kg C m− 2)                                                                      (eq.2) 

The calculations were carried out in a Markov Chain Monte Carlo 
(MCMC) framework using the OpenBUGS software package (Lunn et al., 
2009). MCMC analysis was applied by taking 1,000,000 out of 100,000, 
000 random samples from a normal distribution of each variable (area, 
aboveground OC storage, belowground OC storage) to populate equa-
tions (eqs. 1-2). This process generates a significant quantity of solutions 
which follow a normal distribution. The application of standard 
descriptive statistical techniques to the pool of generated solutions al-
lows the mean, standard deviation, 5th and 95th percentiles to be 
calculated. 

3.6.2. Soil OC stock 
The soil OC stocks were determined for the four saltmarshes 

following the calculation steps outlined in Smeaton et al. (2020). Briefly, 
the mean (and standard deviation) depth, dry bulk density and OC 
content for each soil unit was calculated from the sub-sampled narrow 
cores. The areal extents of the marsh zones were taken from Haynes 
(2016), again an error of ±5% was again applied. As the sub-samples 
from the narrow diameter cores contain belowground biomass the 
resulting OC stock estimates represent a belowground OC stock (i.e. soil 
+ biomass), to calculate the quantity of OC stored in the soil the 
calculated belowground biomass OC stock (Section 3.6.1) must be 
removed. 

These calculations (eqs. (3)–(6)) were undertaken to quantify the OC 
stock for the saltmarsh soil (fibrous peat, humified peat and transitional 
soil units). Additionally, the soil stock down to a depth of 1 m (saltmarsh 
soil units and basal unit) was also calculated for each marsh zone and 
saltmarsh as a whole. Where cores did not extend to the 1 m the basal 
unit values were extrapolated. These calculations were carried out 
within the OpenBUGS (Lunn et al., 2009) MCMC framework.  

Volume (m3) = area (m2) x soil unit depth (m)                                 (eq.3)  

Mass (kg) = volume (m3) x dry bulk density (kg m− 3)                      (eq.4)  

Belowground OC stock (kg C) = mass (kg) x OC (%)                       (eq.5)  

Soil OC stock (kg C) = belowground OC stock (kg C) – belowground biomass 
OC stock (kg C)                                                                          (eq.6)  

3.7. Understanding the source of the OC 

In this study, ẟ13Corg, ẟ15N and the C/N values were used in 
conjunction with the open-source Bayesian isotope mixing model 
FRUITS to determine the fraction of terrestrial/in situ and marine OC 
input to the saltmarsh soils (Fernandes et al. (2014); Smeaton and Austin 
(2017). Unlike traditional binary mixing models (i.e., Thornton and 
McManus, 1994) FRUITS uses multiple tracers (ẟ13Corg, ẟ15N, C/N) 
concurrently within a Bayesian framework, this approach allows the 
estimation of the proportional contribution of terrestrial/in situ and 
marine derived OC. 

Values representing the OC sources (e.g., in situ production, terres-
trial and marine) were determined from samples collected from the 
catchments of the saltmarshes and coastline of Scotland (Smeaton et al., 
2022a; Sup. Table 9). The terrestrial source values were determined 
from samples of different soils (n = 37) and vegetation (n = 37) across an 
array of land uses; the marine source value was calculated from 50 
samples of phytoplankton, zooplankton, micro-algae, and macro-algae 
(Smeaton et al., 2022a). To understand the in situ saltmarsh OC pro-
duction the samples collected to understand aboveground (n = 42) and 
belowground (n = 33) biomass (Section 3.4) underwent bulk elemental 
and stable isotope analysis to quantify their source values. As observed 
in other studies (Kennedy et al., 2010; Saintilan et al., 2013; Greiner 
et al., 2016; Geraldi et al., 2019; Pondell and Canuel, 2022) there is 
significant overlap in the δ13Corg, δ15N and C/N values of the saltmarsh 
biomass and soil and vegetation derived from the terrestrial environ-
ment (Sup. Table 9) which prevents us from differentiating between in 
situ OC production and terrestrial OC input to the saltmarshes. 

Unlike the west coast of Scotland where recent work has shown 
minimal (<0.1%) input of fossil/petrogenic C to inshore OC stores 
(Smeaton et al., 2021b) the catchments where the four saltmarshes are 
situated are dominated by sedimentary rock. Therefore, there may be 
potential for fossil/petrogenic C to be incorporated into the saltmarsh 
soils, potentially altering the δ13Corg values. Currently, it has not been 
possible to quantify fossil/petrogenic C input or its influence on the 
δ13Corg values in these systems. 
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3.8. Sedimentation and OC accumulation 

3.8.1. Radiometric dating 
Samples from the seven wide diameter cores were analysed for 210Pb, 

226Ra, 137Cs by direct gamma assay at the Environmental Radiometric 
Facility at University College London. The analyses were carried out 
using ORTEC HPGe GWL series well-type coaxial low background 
intrinsic germanium detector. The 210Pb was determined via its gamma 
emissions at 46.5 keV, 226Ra at 295 keV and 352 keV following 3 weeks 
storage in sealed containers to allow radioactive equilibration. The 137Cs 
and 241Am were measured by their emissions at 662 keV and 59.5 keV 
respectively (Appleby et al., 1986). The absolute efficiencies of the de-
tectors were determined using calibrated sources and sediment samples 
of known activity. Corrections were made for the effect of 
self-absorption of low energy gamma rays within the sample (Appleby 
and Oldfield, 1992). 

3.8.2. Saltmarsh OC accumulation 
The 210Pb, 137Cs and 241Am data were utilized to calculate the linear 

sedimentation rates (LSR) and mass accumulation rates (MAR) of the 
saltmarsh soils alongside OCARs. The 210Pb data was used with constant 
flux–constant sedimentation (CF–CS) model (Krishnaswamy et al., 
1971) to calculate LSRs in the seven cores. The peaks in 137Cs and 241Am 
activity were used to constrain the 210Pb derived LSRs as these peaks can 
be attributed to fallout derived from nuclear weapons testing (peak - 
1964) and the 1986 Chernobyl accident. 

Due to the proximity of Wigtown marsh (Fig. 1E) to the Sellafield 
nuclear fuel reprocessing plant, it is expected that the concentration of 
radioactive elements derived from the accidental and authorized re-
leases of radioactive waste (Harvey et al., 2007) will overwhelm the 
natural 210Pb signal as well as the 137Cs and 241Am concentrations 
derived from weapons testing and Chernobyl. Within the saltmarshes of 
the Solway Firth peaks in both 137Cs and 241Am corresponding to the 
maximum radioactive discharge from Sellafield in the mid-1970s (Gray 
et al., 1995) have been observed in the soils (Mackenzie and Scott, 1993; 
Pulford et al., 1998; Morris et al., 2000; Harvey et al., 2007), these peaks 
provide a chronological marker which can be used to calculate LSRs at 
the Wigtown saltmarsh. 

Mass accumulation rates (MARs, g m− 2 y− 1) were calculated by 
multiplying the LSR by mean soil bulk density values from each core. 
The OCARs (g C m− 2 yr− 1) were calculated by multiplying the weight 
fraction of OC, which for each core is represented as the average % OC 
values of all 1 cm sediment slices (Smith et al., 2015; Ramirez et al., 
2016). Similarly, the terrestrial/in situ OC accumulation rates were 
calculated by multiplying the MAR by the average weight fraction of OC 
originating from within the saltmarsh and the terrestrial environment 
determined by the isotope mixing models (Section 3.5). The approach 
produces globally comparable rates but there are inherent biases that 
must be recognized. The calculations are based on LSR and average OC 
values; this approach struggles to take into consideration changes in 
sedimentation, OC input and preservation conditions potentially leading 
to over- and under-estimations of the long-term rates. 

The second approach utilises the constant rate of supply (CRS) model 
(Appleby and Oldfield, 1978). The CRS model is based upon the 
assumption that there is a constant rate of supply of unsupported 210Pb 
(210Pbsupp) to the sediment (Appleby and Oldfield, 1978). The model 
assumes a constant flux of 210Pb to the sediments through time. The 
initial specific activity is variable and inversely related to MAR with 
higher MAR leading to lower excess 210Pb (210Pbex) and vice versa. The 
dating is based upon the comparison of 210Pbex inventories below a 
given depth and the integration of 210Pbex specific activity as a function 
of the cumulative mass with the overall 210Pbex inventory in the soil core 
(Appleby, 2002; Sanchez-Cabeza and Ruiz-Fernández, 2012; Arias-Ortiz 
et al., 2018). As before, the 137Cs data can be used to check the quality of 
the CRS model by comparing the known depth and age of 137Cs peaks to 
the modelled age of that depth horizon derived from 210Pb. The MARs 

calculated using the CRS model were combined with depth-specific OC 
values to calculate the OCAR and estimate the quantity of OC originating 
from the saltmarsh and terrestrial environments that accumulates 
annually. This approach to calculating OCARs overcome many of the 
issues of the simpler linear approach, yet care must be taken when 
interpreting between changes in OC source input versus degradation 
effects (Arndt et al., 2013; Middelburg, 2018; Larowe et al., 2020). 

To quantify the OC that accumulates in the four saltmarshes the 
OCAR from the cores were combined with the areal extent of the low- 
mid and high marsh (Table 1) to estimate the total quantity of OC 
annually accumulating in each zone and marsh as a whole. As a core was 
not collected for the low-mid marsh at Morrich More a surrogate OCAR 
value from the nearby Dornoch Point marsh (Fig. 1) was used. 

3.9. Upscaling 

To estimate the OC stock of all Scotland’s 240 mapped saltmarshes 
(Haynes, 2016), the OC stocks (soil, aboveground biomass, belowground 
biomass) from the four marshes were combined and mean OC storage 
values (kg C m− 2) were calculated for each soil unit across the marsh 
zones. The mean OC storage values were combined with the total area of 
each marsh zone (Table 1) to estimate the OC stocks for the aboveground 
biomass, belowground biomass, the saltmarsh soil and the soil to a depth 
of 1 m. To estimate OC accumulation across Scotland’s saltmarshes the 
mean OCAR (g C m− 2 yr− 1) were calculated from the study sites for the 
different marsh zones. The mean OCAR were combined with the areal 
extent of the marsh zones across all saltmarshes to estimate the quantity 
of OC accumulating in Scottish saltmarshes. In both calculations an error 
of ±5% was applied to the areal extent of the marsh zones to account for 
changes since the survey occurred. All calculations were carried out 
within a MCMC framework. However, it should be noted that these OC 
stocks and accumulation rates are first-order estimates based upon 
limited data and appropriate caution should be applied in their future 
use. 

4. Results and interpretation 

4.1. Saltmarsh OC stocks 

4.1.1. Aboveground and belowground biomass OC 
The aboveground biomass harvested from the saltmarshes encom-

passed the main vegetation communities found in the pioneer (SM8), 
low-mid (SM13) and high (SM16, SM28) marsh zones at the four sites 
(Supp. Fig. 1) and are characteristic of the vegetation composition of 
Scotland’s saltmarshes (Burd, 1989; Adam, 1978; Haynes, 2016). Across 
the three marsh zones, the difference in vegetation communities’ results 
in the aboveground biomass increasing from 0.26 ± 0.09 kg m− 2 in the 
pioneer marsh to 0.71 ± 0.18 kg m− 2 in the high marsh (Supp. Table 3). 
The OC content of the aboveground biomass within the different marsh 
zones ranges between 35.95 ± 0.07% OC in the pioneer marsh to 39.05 
± 3.67% OC in the high marsh (Supp. Table 3). 

Consequently, the C storage data for the aboveground biomass re-
flects the differences observed in biomass (Fig. 2A), with values of 0.09 
± 0.03 kg C m− 2, 0.15 ± 0.09 kg C m− 2, 0.25 ± 0.06 kg C m− 2 being 
measured from the pioneer, low-mid and high marsh zones respectively 
(Fig. 2B). The aboveground biomass across the four sites holds a total of 
2670 tonnes of OC with the largest quantities held at Wigtown (1542 ±
310 tonnes OC) and Morrich More (944 ± 220 tonnes OC). At Dornoch 
Point (99 ± 20 tonnes OC) and Skinflats (86 ± 19 tonnes OC) the 
aboveground OC stocks are significantly less due to the reduced spatial 
extent of these marshes (Table 1). Across the four saltmarshes, the high 
marsh consistently holds a greater proportion of the aboveground OC 
with the high marsh at Dornoch Point, Morrich More, Skinflats and 
Wigtown holding 74%, 64%, 72% and 77% of the aboveground OC 
stock, respectively. Full aboveground OC stocks are detailed in Supple-
mentary Table 4. 
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Belowground biomass samples were collected from the two most 
common saltmarsh vegetation classes in Scotland (SM13 and SM16) 
which represent the low-mid and high marsh zones (Fig. 2C). Across the 
marsh zones the difference in root biomass is negligible with 5.05 ±
2.96 kg m− 2 measured in the low-mid marsh and 5.58 ± 2.01 kg m− 2 in 
the high marsh (Sup. Table 3). Similarly, the belowground OC of the 

vegetation classes differ little with the exception of SM16b (Fig. 2C). The 
data for NVC class SM16b was calculated from samples collected from 
the high marsh at Wigtown (Fig. 1E), this section of marsh is grazed by 
cattle which potentially explains the lower root OC density values when 
compared to other high marsh samples (Harvey et al., 2019; Graversen 
et al., 2022). The high marsh zone is estimated to hold 1.65 ± 0.94 kg C 

Fig. 2. Aboveground and belowground carbon. (A) 
Aboveground carbon (kg C m− 2) for different salt-
marsh vegetation communities (NVC; Rodwell, 
2000). (B) Aboveground carbon values for low-mid 
and high saltmarsh zones across Scotland. (C) 
Belowground carbon for different vegetation com-
munities, no samples were collected from SM8 or 
SM28. (D) Belowground carbon values for low-mid 
and high saltmarshes across Scotland. The solid line 
indicates the median and the dashed line indicates 
the mean value. The whiskers indicate 1.5 times the 
range of between the first and third quantile for both 
extremes; the points represent the 5th and 95th 

percentile values. Vegetation composition associated 
with each NVC can be found in Supplementary 
Table 1. Full breakdown of aboveground and below-
ground biomass data can be found in Supplementary 
Table 3.   

Table 2 
Saltmarsh soil variables used in the calculation of soil OC stocks for each of the four saltmarshes broken down into marsh zone (low-mid and high) and soil unit (fibrous 
and humified peat, transitional and basal units). Further details on the distribution and relationship between dry bulk density and OC content can be found in 
Supplementary Figs. 2–5.  

Saltmarsh Marsh Zone Soil Unit Area (km2) Soil Unit Thickness (cm) Dry Bulk Density (g cm− 3) OC (%) 

Dornoch Point Low-Mid Fibrous Peat 0.15 14.0 ± 9.6 0.60 ± 0.23 14.75 ± 5.69 
Transitional 11.7 ± 8.6 1.60 ± 0.61 3.49 ± 1.54 
Basal Unit – 2.09 ± 0.38 0.69 ± 0.12 

High Fibrous Peat 0.26 9.0 ± 5.1 0.38 ± 0.15 21.38 ± 7.45 
Transitional 13.3 ± 5.6 1.56 ± 0.56 2.69 ± 1.93 
Basal Unit – 2.08 ± 0.26 0.51 ± 0.14 

Morrich More Low-Mid Fibrous Peat 2.08 10.7 ± 1.2 0.47 ± 0.15 22.46 ± 9.87 
Transitional 7.5 ± 0.7 1.93 ± 0.38 1.52 ± 0.10 
Basal Unit – 2.40 ± 0.21 0.45 ± 0.06 

High Fibrous Peat 2.17 11.5 ± 3.0 0.44 ± 0.07 30.04 ± 4.66 
Humified Peat 6.3 ± 3.2 0.94 ± 0.23 9.11 ± 4.37 
Transitional 20.8 ± 3.6 1.93 ± 0.36 2.00 ± 1.15 
Basal Unit – 2.26 ± 0.30 0.50 ± 0.18 

Skinflats Low-Mid Fibrous Peat 0.15 14.2 ± 20.6 0.29 ± 0.13 11.13 ± 3.24 
Humified Peat 10.4 ± 9.8 0.33 ± 0.10 8.99 ± 2.56 
Basal Unit – 0.44 ± 0.17 6.96 ± 2.01 

High Fibrous Peat 0.22 10.48 ± 5.4 0.25 ± 0.12 19.20 ± 4.84 
Humified Peat 0.62 ± 2.3 0.30 ± 0.14 16.78 ± 4.46 
Transitional 3.4 ± 10.0 0.62 ± 0.21 11.74 ± 4.76 
Basal Unit – 0.90 ± 0.24 9.15 ± 3.06 

Wigtown Low-Mid Fibrous Peat 1.94 10.2 ± 4.1 0.39 ± 0.13 5.19 ± 1.95 
Humified Peat 16.3 ± 6.5 0.62 ± 0.43 3.93 ± 1.23 
Transitional 19.6 ± 7.2 0.69 ± 0.16 2.73 ± 1.00 
Basal Unit – 0.84 ± 0.15 1.65 ± 0.43 

High Fibrous Peat 4.22 10.0 ± 5.6 0.41 ± 0.14 6.87 ± 0.98 
Humified Peat 24.5 ± 19.1 0.41 ± 0.16 4.11 ± 2.22 
Transitional 19.5 ± 7.7 0.53 ± 0.17 3.68 ± 2.30 
Basal Unit – 0.73 ± 0.22 2.25 ± 0.86 

Mean Low-Mid Fibrous Peat – 10.7 ± 5.4 0.38 ± 0.15 8.06 ± 5.50 
Humified Peat 16.2 ± 6.3 0.47 ± 0.34 6.53 ± 3.25 
Transitional 13.9 ± 8.5 0.76 ± 0.33 2.72 ± 1.14 
Basal Unit – 0.86 ± 0.60 3.77 ± 3.10 

High Fibrous Peat – 9.9 ± 4.5 0.34 ± 0.15 20.68 ± 7.80 
Humified Peat 10.9 ± 13.0 0.38 ± 0.24 13.49 ± 6.64 
Transitional 16.2 ± 8.4 1.02 ± 0.64 6.00 ± 5.30 
Basal Unit – 1.24 ± 0.63 5.92 ± 4.70  
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m− 2 while the low-mid marsh zone holds 1.33 ± 0.77 kg C m− 2 within 
the belowground biomass (Fig. 2D). The belowground biomass at the 
four sites hold a total of 17,945 tonnes of OC with the largest quantities 
held at Wigtown (9991 ± 3786 tonnes OC) and Morrich More (6700 ±
2348 tonnes OC). The belowground biomass OC stock at Dornoch Point 
(661 ± 250 tonnes OC) and Skinflats (593 ± 219 tonnes OC) is 
dramatically lower due to the difference in areal extent of these marshes 
(Table 1). The belowground biomass within the high marsh zone 
consistently holds a greater proportion of the OC, with the high marsh at 
Dornoch Point, Morrich More, Skinflats and Wigtown holding 68%, 
56%, 64% and 73% of the belowground biomass OC stock respectively. 
As the aboveground and belowground biomass is intrinsically linked, 
the proportion of OC stored in the marsh zones is driven by the same 
factors (i.e., vegetation communities and areal extent). Full below-
ground OC stocks are detailed in Supplementary Table 5. 

4.1.2. Soil OC stock 
Examination of the soil cores (Section 3.2) highlights that the 

thickness of the different soil units is highly variable both internally 
between marsh zones and more widely across the different marshes 
(Table 2). The dry bulk density values of the basal and transitional soil 
units are largely dependent on the estuarine setting. The highest dry 
bulk densities are observed in the basal units of Dornoch Point (2.09 ±
0.38 g cm− 3) and Morrich More (2.40 ± 0.21 g cm− 3) both these 
marshes sit within estuaries dominated by sand (Smeaton et al., 2021a, 
2022a). In comparison the muddy basal units of Skinflats and Wigtown 
are characterised by bulk density values < 1 g cm− 3 (Table 2). As the 
saltmarsh soil profiles transition towards the organic rich saltmarsh 
substrates (humified and fibrous peat units), the dry bulk density drops 
dramatically and becomes far more uniform across all saltmarshes 
(Table 2). 

The lowest OC contents are observed in the sandy systems with 0.51 
± 0.14% OC and 0.50 ± 0.18% OC measured in the basal units of 
Dornoch Point and Morrich More respectively. In comparison, the finer 
muddy sediments found at Skinflats (9.15 ± 3.06% OC) and Wigtown 
(2.25 ± 0.86% OC) exhibit much higher values (Table .2). This is ex-
pected as grain size can be strongly linked and used as a predictor for OC 
content in saltmarsh soils (Mueller et al., 2019a; 2019b; Kelleway et al., 
2016) with coarser (e.g. sand) substrates holding less OC than finer 
material (e.g. muds). The basal soil unit at Skinflats has elevated OC 
values in both low-mid (6.96 ± 2.01% OC) and high marsh (9.15 ±
3.06% OC) in comparison to other sites (Table 2). Unlike the other 
marshes Skinflats is situated in the upper reaches of an estuary fed by a 
major river (River Forth), therefore the saltmarsh and mudflat likely 
receives large quantities of allochthonous OC from the terrestrial envi-
ronment (Bianchi, 2011) driving the high OC contents observed. 

Unlike the dry bulk density values that are reasonably uniform across 
the humified and fibrous peat units, the OC content does vary, with 
fibrous peat values as low as 5.19 ± 1.95% OC being observed in the 
low-mid marsh at Wigtown and as high as 30.04 ± 4.66% OC in the high 
marsh at Morrich More. The four marshes have similar vegetation 
composition (Haynes, 2016; Sup Fig. 1) and Morrich More is the most 
northerly of all sites (Fig. 1), therefore it is unlikely that primary pro-
duction within the marsh is the main driver of the differences observed. 
The position of the marsh within the estuary and sediment supply and 
source are more likely driving the development of the marshes and the 
OC content of the soils (Ladd et al., 2019). For example, the marshes in 
the Solway Firth are known to be expanding both laterally (8800 ± 11, 
700 m2 yr− 1) and vertically (15.41 ± 14.53 mm yr− 1) (Marshall, 1962; 
Ladd et al., 2019), yet the OC content of the soil at Wigtown is the lowest 
of the surveyed sites (Table 2). Wigtown marsh is situated on an open 
coastline (Fig. 1E) therefore much of the OC rich allochthonous material 
that potentially could be trapped in the saltmarsh is likely being flushed 
out to the sediments in the Solway Firth, which potential results in the 
low OC values. 

Both the dry bulk density values and OC content measured across the 

four saltmarshes are consistent with other studies of saltmarsh soil in 
Scotland (Marley et al., 2019; Porter et al., 2020; Smeaton et al., 2020, 
2022b; Austin et al., 2021, 2022; Ladd et al., 2022). 

Morrich More holds the greatest quantity of OC within its soil with 
84,991 ± 22,068 tonnes OC held within the saltmarsh soils and an 
estimated 135,324 ± 22,994 tonnes OC stored within the top 1 m of soil 
(Fig. 3). In comparison, the saltmarsh soil at Wigtown hold 66,070 ±
27,206 tonnes of OC and a total of 145,401 ± 42,726 tonnes OC within 
the top 1 m of soil. Wigtown marsh has an aerial extent 36% greater than 
Morrich More yet stores 22% less OC within the saltmarsh soils. The 
disparity in OC stocks originates from the OC content of the peat-like soil 
units, at Wigtown these units have an OC content of 6.87 ± 0.98% OC, in 
contrast at Morrich More values of 30.04 ± 4.66% OC (Table 2) are 
observed. In comparison, Dornoch Point and Skinflats are significantly 
smaller and hold less OC within their soils. At Dornoch Point 7277 ±
3167 tonnes OC is held within the saltmarsh soil units and a total of 
13,408 ± 3167 tonnes OC held within the top 1 m of soil (Fig. 3B). 
Finally, Skinflats the smallest of the four marshes (Table 1) holds 3983 
± 2037 tonnes OC while the 1 m soil OC stock is estimated to be 21,274 
± 7017 tonnes OC. Across the four marshes with the majority of the OC 
is held with the high marsh zone (Fig. 3C). 

Across the four saltmarshes, the quantity of OC held within the top 1 
m of soil versus the amount of OC in the saltmarsh soils differ. At Dor-
noch Point, Morrich More and Wigtown the saltmarsh soils contain 54%, 
63% and 45% of the total OC stored to a depth of 1 m respectively 
(Fig. 3B). Skinflats differs from this pattern with only 18% of the total 1 
m OC stock held within the saltmarsh soil (Fig. 3B). The likely driver for 
this is the elevated OC content of the basal sediments (Table 2) which 
results in a significant difference in the 1 m soil OC storage value be-
tween Skinflats (59.6 ± 19.3 kg C m− 2) and the other saltmarshes 
(Fig. 3D). Howard et al. (2014) and the Intergovernmental Panel on 
Climate Change (Kennedy et al., 2014) recommend that a standard 
sampling depth of 1 m should be used when assessing the blue carbon 
value of coastal ecosystem and to allow for GHG inventories. Whilst a 
standardised depth allows for easier comparison between ecosystems 
(Duarte et al., 2013) our results show that marsh deposits do not always 
reach a depth of 1 m and in Scotland that only half the OC held within 
the top 1 m is found in the saltmarsh soils with the pre-saltmarsh 
(mudflat or sandflat) environments holding a significant proportion of 
the OC (Fig. 3). Including these pre-saltmarsh environments in the 
saltmarsh soil OC stock assessment risks inflating the saltmarsh soil OC 
stock (Shi and Lamb, 1991). We therefore recommend that saltmarsh OC 
stocks should be reported to the true depth of the saltmarsh soil and to 
the recommended 1 m depth for international reporting standards. Full 
breakdown of the saltmarsh soil OC stocks can be located in Supple-
mentary Tables 6 and 7 

4.2. OC provenance 

The OC held within the saltmarsh soils (fibrous peat, humified peat 
and transitional soil units) has similar isotopic and bulk elemental 
values to material produced in the terrestrial environment or the salt-
marsh itself (Fig. 4; Supp. Fig.9). The isotopic and bulk elemental values 
observed in the low-mid marsh soil units are more variable indicating a 
greater mix of OC sources (Fig. 4). Reflecting that this zone has a greater 
connection to the marine environment due to the zone’s position lower 
in the tidal frame (Balke et al., 2016). 

The quantity of OC derived from terrestrial and in situ sources vary 
between soil units reflecting changes in OC sources and preservation 
conditions as the saltmarsh develops. As indicated in Fig. 4 the OC in the 
basal unit has the greatest mix of material from different OC sources 
with values ranging between 50.0 ± 12.9% (Dornoch Point low-mid 
marsh) and 89.1 ± 2.1% (Morrich More high marsh) of the OC origi-
nating from terrestrial and in situ sources (Supp. Table 10). The tran-
sitional soil unit reflects the shift from intertidal flat towards saltmarsh 
with percentage of the total OC derived from terrestrial/in situ sources 
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increasing to between 77.0 ± 4.3% within the low-mid marsh at 

Dornoch Point and 93.2 ± 4.5% in the high marsh at Skinflats. The 
fibrous and humified peat units are dominated by terrestrial/in situ OC 
(Supp. Table 10). Within these soil units, differences between the low- 
mid and high marshes becomes evident, nowhere more so than at 
Skinflats where 98.9 ± 5.8% of the OC in the high marsh originates from 
terrestrial/in situ sources versus 80.6 ± 9.0% in the low-mid marsh. 

Though we cannot currently differentiate between terrestrial OC 
input and in situ OC production it is reasonable to assume that salt-
marshes such as Skinflats (Fig. 1D) situated on major rivers (i.e., River 
Forth) may receive substantial quantities of terrestrial OC. Analyses of 
the saltmarsh soil of the upper marsh of Skinflats suggests >90% of the 
OC originates from terrestrial/in situ sources (Supp. Table 10). Further, 
the basal unit is enriched in OC (Table 2) of which 82.3 ± 5.0% is 
estimated to be from terrestrial/in-situ sources (Supp. Table 10). While 
qualitative, the combination of factors suggest that much of this OC 
originates from the terrestrial environment, as in situ OC production 
from the saltmarsh vegetation would not directly contribute to the OC 
rich basal unit at this site. Additionally, it should be noted that marine 
derived OC is more labile (Smeaton and Austin, 2022) and will be 
preferentially degraded (Arndt et al., 2013; Larowe et al., 2020; Mid-
delburg, 2018) resulting in more depleted ẟ13Corg values which poten-
tially leads to an over estimation of terrestrial/in situ OC input to the 
saltmarshes. 

4.3. Saltmarsh OC accumulation 

The three cores collected from the saltmarshes within the Dornoch 
Firth have similar soil profiles with organic rich peat units overlying 
sandy substrates (Fig. 5). The 210Pbunsupp activities indicate increased 
sedimentation in recent times across all three cores albeit at different 
rates of accumulation (Fig. 5; Supp. Fig. 5-7). The 210Pb and 137Cs 
chronologies from core C24 and C45 indicate that the material at 11.5 
cm started to form in the year 1872 ± 24 and 1830 ± 22 with the high 
marsh increasing on average by 0.09 ± 0.02 cm yr− 1 at Dornoch Point 
and 0.06 ± 0.03 cm yr− 1 at Morrich More (Sup. Figs. 11–13; Supp. 
Table 11). The similarity in LSR results in comparable OCARs across 
these sites, with average rates of 31.6 ± 14.6 g C m− 2 yr− 1 and 29.1 ±
16.1 g C m− 2 yr− 1 accumulating in the high marsh of Dornoch Point and 
Morrich More respectively. The mean LSR in the low marsh at Dornoch 
Point (C32) is 0.18 ± 0.01 cm yr− 1, approximately double that measured 

Fig. 3. Organic carbon stocks for the four study sites. 
(A) Aboveground C stock (tonnes C). (B) Below-
ground OC stock (tonnes OC) broken down into 
belowground biomass, saltmarsh soil (fibrous peat, 
humified peat and transitional soil units) and the 1 m 
soil (saltmarsh and basal soil units). (C) OC stock 
(tonnes OC) of the saltmarsh soil split into saltmarsh 
zone. (D) OC storage (kg C m− 2) of the OC pools (e.g., 
aboveground biomass, belowground biomass, salt-
marsh soil and the soil down to a depth of 1 m) at 
each site. Full breakdown of data can be found in 
Supplementary Table 8.   

Fig. 4. Cross plots (A) δ13Corg versus δ15N and (B) δ13Corg versus C/N for soil 
samples from across the four saltmarshes. Terrestrial, marine and saltmarsh 
source values derived from samples collected from across Scotland can be found 
in Supplementary Table 9. 

L.C. Miller et al.                                                                                                                                                                                                                                 



Estuarine, Coastal and Shelf Science 282 (2023) 108223

9

Fig. 5. Downcore plots of data produced from the wide diameter cores from (A) Dornoch Point C32; (B) Dornoch Point C24, and (C) Morrich More C45. The plots 
include soil profiles, dry bulk density, OC (%), δ13Corg (‰) alongside radiometric dating (210Pb and 137Cs), sedimentation rates (cm yr− 1), mass accumulation rates 
(MAR) (g m− 2 yr− 1), organic carbon accumulation rates (OCAR) (g C m− 2 yr− 1) and terrestrial/in situ carbon accumulation rate (CAR) (g C m− 2 yr− 1). Full evaluation 
of the radiometric dating can be found in Supplementary Figs. 5–7. 
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in the adjacent high marsh in-turn resulting in an average OCAR of 61.9 
± 33.0 g C m− 2 yr− 1 with 69% of this sourced from terrestrial envi-
ronment and/or in situ OC production. 

The soil profiles of cores C04 (low-mid marsh) and C02 (high marsh) 
from Skinflats differ from those of the Dornoch Firth with fine silt 
replacing the sand (Fig. 6). The 210Pbunsupp activities in the surface soils 
are lower than underlying samples, suggesting increased sedimentation 
in recent times across the cores (Fig. 6; Supp. Figs. 8-9). The 210Pb and 
137Cs chronologies from core C04 indicate that the material at 33 cm 
started to form in the year 1907 ± 20 and 1830 ± 22 (Supp. Fig. 14). 
The saltmarsh soil units are estimated to begun forming between 1931 
and 1956 (28–31 cm) coinciding with the construction of the nearby 
Kincardine Bridge (Fig. 1D) in 1931, which likely drives the rapid 
expansion (0.46 cm yr− 1) of the low-mid marsh. Within the high marsh, 
soil began to accumulate in the year 1909 ± 20 (21.5 cm) at a rate of 

0.24 ± 0.11 cm yr− 1 (Supp Fig.15; Supp. Table 11). Calculated OCARs at 
Skinflats are significantly higher than those within the Dornoch Firth 
with average rates of 142.5 ± 118.9 g C m− 2 yr− 1 and 151.9 ± 19.3 g C 
m− 2 yr− 1 in the low-mid and high marsh, respectively, with 98% of the 
OC being trapped in the high marsh and originating from terrestrial and 
in situ sources. 

In the low-mid marsh (C03) the peaks in 137Cs and 241Am are found 
in the basal unit, while in the high marsh they are observed in the hu-
midified peat unit. The location of the peaks indicate that the high marsh 
formed before the mid-1970s, and low-mid marsh started to form post 
mid-1970s (Fig. 7). From this single chronological marker, it is calcu-
lated that the low-mid and high marsh are vertically accreting at a rate 
of 0.74 cm yr− 1 and 0.43 cm yr− 1 respectively. The low-mid marsh is 
estimated to accumulate 160.8 ± 61.3 g C m− 2 yr− 1, with the high 
marsh gaining a further 235.4 ± 62.7 g C m− 2 yr− 1 (Fig. 8). Calculating 

Fig. 6. Downcore plots of data produced from the wide diameter cores from Skinflats (A) Core C04 and (B) Core C02. The plots include soil profiles, dry bulk density, 
OC (%), δ13Corg (‰) alongside radiometric dating (210Pb and 137Cs), sedimentation rates (cm yr− 1), mass accumulation rates (MAR) (g m− 2 yr− 1), organic carbon 
accumulation rates (OCAR) (g C m− 2 yr− 1) and terrestrial/in situ carbon accumulation rate (CAR) (g C m− 2 yr− 1). Full evaluation of the radiometric dating can be 
found in Supplementary Figs. 8–9. 
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Fig. 7. Downcore plots of data produced from the wide diameter cores from Wigtown (A) Core C03 and (B) Core C09. The plots include soil profiles, dry bulk density, 
OC (%), δ13Corg (‰) alongside radiometric dating (137Cs and 241Am), sedimentation rates (cm yr− 1), mass accumulation rates (MAR) (g m− 2 yr− 1), organic carbon 
accumulation rates (OCAR) (g C m− 2 yr− 1) and terrestrial/in situ carbon accumulation rate (CAR) (g C m− 2 yr− 1). Full evaluation of the radiometric dating can be 
found in Supplementary Fig. 10. 
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accumulation rates from a single chronological marker is problematic 
and likely leads to the higher than average OCARs calculated in these 
cores. This issue is most acute in C03 where the 137Cs and 241Am spike is 
found in the basal unit rather than the saltmarsh soils, it is therefore 
impossible to separate the rate at which the mudflat accreted opposed to 
the overlying saltmarsh soils (Fig. 7A). For this reason, when upscaling 
to national estimates of OC accumulation caution should be applied in 
using the OCARs from this site in any calculation. 

Wigtown the largest of the saltmarshes studied, is estimated to 
accumulate 1029.9 ± 229.3 tonnes OC yr− 1, with the high marsh being 
responsible for 71% of this total (Fig. 8C). In comparison, Skinflats the 
smallest marsh in the study accumulates 54.8 tonnes OC yr− 1, with the 
high marsh trapping 64% of the OC (Supp. Table 13). The Dornoch Point 
and Morrich More marshes are estimated to accumulate 18.0 ± 5.8 
tonnes OC yr− 1 and 199.5 ± 72.2 tonnes OC yr− 1, respectively. Unlike 
the muddy systems (i.e., Wigtown and Skinflats) the low-mid marsh 
plays a larger role, with 54% and 67% of the OC being trapped in this 
zone at Dornoch Point and Morrich More respectively (Fig. 8D). Across 
all four saltmarshes, the majority of the OC that is being buried is 
sourced from terrestrial and in situ sources (Fig. 8E) with marine derived 
OC playing only a minor role (Supp. Table 13). 

4.4. Scotland’s saltmarsh carbon resource 

It is estimated that 1.15 ± 0.21 Mt of OC is stored within Scottish 
saltmarshes with 99.9% of this held within the soils, with the above and 
belowground biomass holding 0.013 ± 0.002 Mt and 0.087 ± 0.033 Mt 

of OC respectively (Supp. Table 7). Currently, there are no other OC 
stock assessments that take into consideration the full depth of the 
saltmarsh soil in the UK. The latest, Scottish saltmarsh OC stock esti-
mates only consider the surficial soils with Smeaton et al. (2022c) 
estimating a total of 0.37 ± 0.09 Mt of OC in the top 10 cm, while Austin 
et al., (2021) calculated that 0.52 ± 0.16 Mt of OC is held within the top 
15 cm. Beaumont et al. (2014) estimated a total OC stock of 0.57 Mt of 
OC, with the soil holding 0.45 Mt OC, and the vegetation and roots 
holding 0.017 Mt and 0.058 Mt of OC respectively. The similarity in 
aboveground and root OC stocks between the studies provide confidence 
that these components of the OC stocks are being accurately accounted 
for. 

A recent assessment of Scottish seagrass estimated that between 1.49 
and 10.57 kg C m− 2 is stored in underlying soils, which results in a 
national OC stock to of 0.088 Mt within the top 50 cm of the soil 
(Potouroglou et al., 2021). Saltmarsh habitats in Scotland occupy an 
area 73% larger than that of seagrass and hold 92% more OC owing to 
them in places storing double the quantity of OC per area unit (Table 3). 

Annual OC accumulation was estimated for all Scottish saltmarsh by 
applying mean OCAR rates calculated for the low-mid (103.4 ± 18.4 g C 
m− 2 yr− 1) and high (71.5 ± 9.3 g C m− 2 yr− 1) zones from Dornoch Firth, 
Morrich More and Skinflats, the data from Wigtown was excluded from 
these calculations due to the issues discussed earlier. Using this 
approach, it is estimated that annually Scottish saltmarsh habitat 
accumulate 4385 ± 481 tonnes of OC of which 85% originates from 
terrestrial or in situ sources (Table 3). Globally, estimates of OC accu-
mulation ranges between 18 and 1713 g C m− 2 yr− 1 with the global 

Fig. 8. Organic carbon accumulation rates (OCAR) for the four study sites. (A) Organic carbon accumulation rates (g C m− 2 yr− 1) for the low-mid and high marsh of 
the four sites. (B) Terrestrial/in situ organic carbon accumulation rates (g C m− 2 yr− 1) for the low-mid and high marsh of the four sites. (C) Annual organic carbon 
accumulation (tonnes OC yr− 1) split into saltmarsh zone. (D) Breakdown of the sources (terrestrial/in situ vs marine) of the OC buried annually (tonnes C yr− 1). 

Table 3 
Summary of OC stocks, density and accumulation rates for the four saltmarshes and estimates for Scotland’s 240 mapped saltmarshes.   

Saltmarsh OC Storage Saltmarsh OC Stock OCAR OC Accumulation Terrestrial/in situ OC Accumulation 

Saltmarsh kg C m− 2 Tonnes (g C m− 2 yr− 1) Tonnes C yr− 1 Tonnes C yr− 1 

Dornoch Point 19.5 ± 7.4 8156 ± 3078 46.8 ± 23.8 18 ± 6 13 ± 4 
Morrich More 21.6 ± 5.2 92,659 ± 22,251 29.1 ± 16.1 200 ± 72 141 ± 53 
Skinflats 13.0 ± 5.3 4784.9 ± 1933 147.2 ± 19.2 55 ± 6 45 ± 5 
Wigtown 11.6 ± 4.0 78,172.8 ± 26,757 198.1 ± 75.9 1030 ± 255 867 ± 244 
Scotland Saltmarsh 18.6 ± 3.9 1,048,193 ± 213,530 - 4385 ± 481 3719 ± 569  
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average value of 244.7 ± 26 g C m− 2 yr− 1 (Chmura et al., 2003; Duarte 
et al., 2005, 2013; McLeod et al., 2011; Ouyang and Lee, 2014). In the 
NW Atlantic region, the mean OC accumulation value is 172.2 ± 18.1 g 
C m− 2 yr− 1 (Ouyang and Lee, 2014) which is higher than that observed 
in Scottish saltmarshes surveyed (Table 3). The range of OCAR observed 
in Scottish saltmarshes reflect both mud-rich and sand-rich estuarine 
systems (Fig. 1). Globally, mud rich marshes have been the focus of 
much of the drive to understand OC accumulation (Duarte et al., 2013) 
and when the OCARs from Skinflats (a mud rich system) are compared to 
these global and regional averages they are equivalent (Table 3). 
However, it is clear, that sandy saltmarshes, such as Dornoch Point and 
Morrich More with low OCARs are overlooked in current global data 
compilations (Chmura et al., 2003; Duarte et al., 2005, 2013; McLeod 
et al., 2011; Ouyang and Lee, 2014). 

The national saltmarsh OC stock and accumulation estimates repre-
sent a first-order assessment using the available data. Caution should be 
applied as the limited number of sites (n = 4) investigated in this study 
makes it difficult to fully constrain the OC stocks and annual OC accu-
mulation across Scotland’s 240 saltmarshes. 

5. Conclusion 

This study provides the first full assessment of OC in Scottish salt-
marshes with estimates of both OC stock and accumulation rates. As 
such, it is the first study of its kind in the UK. Accounting for the vari-
ability of soil profiles across Scottish saltmarshes has allowed first-order 
reporting of both the OC stored in the saltmarsh soils (1.15 ± 0.21 Mt 
OC) and the full OC stock down to 1 m depth (2.1 ± 0.34 Mt OC) which 
is a foundational step towards the inclusion of saltmarshes in national 
and international C reporting (Howard et al., 2014; Kennedy et al., 
2014). Annually, these stores are supplemented by a further 4385 ± 481 
tonnes of OC with the majority deriving from terrestrial/in situ sources. 
When compared to seagrass the only other vegetated intertidal system in 
Scotland with OC stock estimates it is now clear that saltmarsh repre-
sents the largest intertidal blue carbon resource of Scotland. 
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