Supplementary Material

Part A - Synthesis of carbon stock and flow estimates

This text details how the budget was synthesised, giving the references and reasoning behind the
final figures for each stock and flow, given to 2 significant figures.

Coastal
Habitat areas

The area of salt marshes in the UK is between 45,000 ha (Boorman, 2003; Beaumont et al 2014;
Luisetti et al., 2019) and 81,800 ha (Mcowen et al. 2017). The area in the German, Danish and Dutch
Wadden Sea is approximately 35,500 ha (Dijkema, 1991). The Belgian, Irish, French and Spanish
coasts also contain salt marshes but their areas are not well quantified. Assuming that British and
Wadden Sea salt marshes comprise 67% of salt marshes on the shelf (Davidson et al., 1991) then the
lower and upper estimate of salt marsh area on the NWES from the above is taken as 120,000 to
175100 ha.

Salt marsh area = 120,000 to 175,000 ha or 1.2x10° to 1.75x10° m?

The area of intertidal mud and sand flats in the UK is approximately 270,000 ha (Maddock et al.,
2008) and the area in the Wadden Sea is approximately 795,000 ha (Dijkema, 1991), which totals
roughly 1,000,000 ha. If UK mud and sand flats are assumed to represent 15% of the area of these
habitats on the shelf (Maddock et al., 2008) then an upper estimate of mud/sand flat area on the
NWES is 1,800,000 ha. It is assumed that there are roughly equal areas of mud flats and sand flats.
Mud/sand flat area = 1,000,000 to 1,800,000 ha or 1x10'° to 1.8x10° m?

The area of seagrass beds in the UK is approximately 7,000 ha (WP1 of UKNEA - Maddock et al 2008)
and the area in the Wadden Sea is roughly 7,300 ha (Essink et al., 2005). Assuming, as for salt marsh,
that the UK and Wadden Sea represent 67% of this habitat across the NWES, this gives an upper
estimate of roughly 21,000 ha.

Seagrass bed area = 14,000 to 21,000 ha or 0.14x10° to 0.21x10° m?

The area of kelp forests in the UK, using the method of Burrows et al., (2014), is 480,000 to 770,000
ha. In the absence of wider, European area estimates we estimate that the UK represents roughly
50% of Kelp on the NWES, giving a shelf-wide total of 960,000 to 1,540,000 ha.

Kelp forest area = 960,000 to 1,540,000 ha or 9.6x10° to 15.4x10° m?

Carbon stocks

We assume that inorganic carbon stocks are negligible compared to organic carbon stocks in coastal
habitats.

Salt marshes (top 10cm)

The salt marsh carbon stock estimate was based on data from the CBESS (Coastal Biodiversity and
Ecosystem Services Sustainability) project (Wood et al. 2015), including data from Skov et al. (2016)
and Thornton et al. (2002). Some CBESS stock estimates are likely to be biased high due to the loss
of clay-associated water during analysis (Barillé-Boyer et al. 2003) and have therefore been halved.
The range of salt marsh carbon stocks used here is 188 to 358 mol m=.

Salt marsh stock = 188 to 358 mol m?

0.23 to 0.63 Tmol in total on the NWES



Mud/sand flats (top 10cm)

The CBESS sand flat stock estimate is 42.35 mol m? and the highest mud flat estimate is 274.5 mol
m which should be halved to 137.25 mol m™ due to the loss of clay-associated water during
analysis (Barillé-Boyer et al. 2003). This range is consistent with the stocks estimate for the Colne
estuary of 112.5 mol m? for mud flats and 60 mol m™ for mixed sediment, based on percentage
organic carbon values of Thornton et al., (2002) and a bulk density of 0.6 g cm™ (Adams et al., 2012).
Mud/sand flat stock = 42 to 137 mol m?

0.42 to 2.5 Tmol in total on the NWES

Seagrass beds (top 10cm)

Fourqurean et al. (2012) give a sediment carbon stock in seagrass beds of 48.7 + 14.5 mol m™. This is
for the top 1 m of sediment but we assume that there is negligible carbon stock below 10cm. The
same authors also provide a carbon stock for the vegetation in N. Atlantic seagrass beds of 0.85 +-
0.19 mol/m?2.

Seagrass stock =35 to 64 mol/m?

0.0049 to 0.013 Tmol in total on the NWES

Kelp forests

Burrows et al. (2014) estimate a kelp carbon stock of 4-16 mol/m?, based on UK kelp forests.
Kelp stock = 4 to 16 mol/m?

0.038 to 0.25 Tmol in total on the NWES

Carbon flows
Salt marshes

Burial - Beaumont et al. (2014) provide a range for carbon sequestration in UK salt marshes of 5.3 -
18.3 mol m2yr™. This range also encompasses the estimates of Burrows et al (2014) of 17.5 mol m™
yr!and Luisetti et al. (2018) of 8.7mol m yr* and is consistent with the range of 5.2 - 11.7 mol m™
yr (Julian Andrews, unpublished data) which includes both organic and inorganic carbon. While
estimates from individual marshes can exceed this range (Ouyang and Lee, 2014), we assume that it
is representative of the NWES region as a whole.

Salt marsh burial =5.2 to 18.3 mol m2 yr?

0.0062 to 0.032 Tmol yr in total on the NWES

Air-coastal flux - There are very few estimates of CO, flux between salt marshes and the
atmosphere. Estimates for the net annual CO, uptake by salt marshes on the east coast of the US
range from range of 17.8 (Artigas et al, 2015) to 25.2 mol m? yr! (Houghton and Woodwell, 1980).
These estimates are unlikely to accurately represent European salt marshes due to differences in
community and sediment accretion.

Salt marsh air-coastal flux = 17.8 to 25.2 mol m2 yr?

0.021 to 0.044 Tmol yr in total on the NWES

Coastal to pelagic flux was calculated as the residual of the air-coastal flux and burial in the marshes.
This gives a range of -0.5 to 20 mol m? yr. This residual estimate is consistent with measurements
of DIC release made in eastern US salt marshes of 156 g m™ yr* (13 mol m? yr) (Wang and Cai,
2004), but lower than the recent measurement by Wang et al., (2016) of 414 g m2 yr* (34.5 mol m™
yr!). However, as mentioned above, the communities and accretion rates in US marshes are quite
different to European marshes.



Salt marsh coastal to pelagic flux = -0.5 to 20 mol m?2 yr?!
-0.00088 to 0.035 Tmol yr in total on the NWES

Mud/sand flats

Burial - A collation of data (Julian Andrews, unpublished) gives a range of carbon burial in mud and
sand flats of 1 - 1.75 mol m2 yr.

Mud/sand flat burial = 1 to 1.75 mol m?2 yr?

0.010 to 0.032 Tmol yr'in total on the NWES

Air-coastal flux - Net primary production estimates, derived from chl a data, for mud and sand flats
in the UK, range from 1 to 29 mol m? yr! (Nedwell et al., 2016; Underwood et al., 2016; Wood et al.,
2015).

Mud/sand flats air-coastal = 1 to 29 mol m2 yr?

0.010 to 0.52 Tmol yrin total on the NWES

The difference between the air-coastal CO; flux and carbon burial gives a coastal to pelagic flux for
mud and sand flats of -0.75 to 28 mol m? yr?

Mud/sand flats coastal to pelagic flux = -0.75 to 28 mol m?2 yr?

-0.14 to 0.50 Tmol yr! in total on the NWES

Seagrass beds

Burial - Estimates of carbon burial in temperate seagrass beds range from 0.7 to 7 mol m2 yr. This
doesn’t include inorganic C which is assumed to be negligible in temperate seagrasses. Taking
seagrass organic carbon production of 21.75 mol m? yr! (Burrows et al., 2017) and assuming that
15.9% of this POC is buried (Duarte et al., 2017), gives a burial estimates of 3.5 mol m™ yr* which is
consistent with this range.

Duarte et al. (2017) estimate that 24.3% of seagrass production is exported from the seagrass bed.
However, the vast majority of this will be remineralised in the water column and only a small
percentage will be buried in the sediment. We therefore assume that carbon exported from seagrass
beds and stored long-term in the benthos is negligible on the scale of this budget.

Seagrass pelagic to coastal = 0.7 to 7 mol m2 yr*

0.000098 to 0.0015 Tmol yr’ in total on the NWES

Seagrass burial = 0.7 to 7 mol m2 yr*
0.000098 to 0.0015 Tmol yr’ in total on the NWES

Kelp forests

Krause-Jensen and Duarte (2016) estimate that 0 to 3% of global macroalgal net primary production
is buried in sediments and Krause-Jensen et al., (2018) estimate that export from kelp beds to
adjacent communities is roughly double that for macroalgae communities in general, so we assume
that 0 to 6% of kelp production is buried. Given UK kelp production estimates ranging from 10 to 102
mol m~ yr! and assuming that this production is representative of kelp production across the shelf,
this gives a kelp to benthic flux of between 0 and 6.1 mol m? yr. This also taken as the net amount
of carbon which is taken up by kelp from the water column.

Kelp coastal to benthic =0 to 6.1 mol m?2yr?!

0 to 0.094 Tmol yr in total on the NWES



Kelp pelagic to coastal =0 to 6.1 mol m?2 yr?
0 to 0.094 Tmol yr in total on the NWES

Rivers

Inorganic
Wakelin et al., (2012) calculate a riverine inorganic carbon input of 2.6x10%2 mol yr. This is based on

river discharge data from the Global River Discharge Data Base and the Centre for Ecology and
Hydrology, and a fixed annual cycle of DIC with a mean of 2.12 mol m™ for the Baltic outflow and
2.68 mol m?3 elsewhere. A recent study of UK rivers found a mean DIC concentration of 2.33 mol m?3
(Jarvie et al., 2017), which appears in good agreement with the values used by Wakelin et al., (2012).
However UK rivers are likely to have higher DIC due to underlying calcareous geology and intensive
weathering of agricultural tills over a large part of England (Jarvie et al.,2017), which suggests that
2.6 Tmol yr'* might be an overestimate riverine DIC input to the whole shelf, and thus serves as a
likely upper bound.

River discharge data used in NEMO-ERSEM model runs originates from the OSPAR ICG-EMO dataset.
UK data was processed from raw data provided by the Environment Agency, the Scottish
Environment Protection Agency, the Rivers Agency (Northern Ireland) and the National River Flow
Archive. French flow data was provided by Banque Hydro. German and Dutch riverine data was
provided by the University of Hamburg. Irish flow data was provided by Hydrodata and the
Environment Protection Agency (Hydronet). Norwegian flow data was supplied by NVE. The OSPAR
ICG-EMO dataset was first presented by Lenhart et al. (2010). Total annual discharge to the NWES,
including the Baltic outflow is 1.1e12 m? yr™.

Riverine DIC concentration was calculated as 1.08*TA, giving a mean riverine DIC concentration in
the model of 1.96 mol m?. For rivers draining into the North Sea, TA was estimated using an
endmember approach based on the relationship between salinity and TA in the CANOBA (CArbon
and nutrient cycling in the North Sea and the Baltic Sea) dataset (Artioli et al., 2012). For rivers
discharging elsewhere on the shelf, TA is taken as 2000 pmol kg™* which is the mean riverine TA
concentration (Artioli et al., 2012). Total riverine DIC input to the NWES is 2.156 Tmol yr™.
Riverine inorganic carbon input = 2.2 to 2.6 Tmol yr?

Organic

Abril et al. (2002) present DOC and POC concentrations for a series of major European rivers draining
into the North Sea, Bay of Biscay and Portuguese Atlantic coast, from their own study and a
synthesis of literature values. Taking the North Sea rivers only they present a concentration range of
0.042 to 1.5 mol m POC and 0.24 to 0.68 mol/m? DOC, in good agreement with a recent synthesis
of North Sea riverine end-member DOC concentrations of 0.31 to 6.6 mol m™ (Chaichana et al.
2019), and the mean DOC concentration for UK rivers of 0.43 mol m™ presented by Jarvie et al.
(2017). Wakelin et al (2012) assume a riverine organic carbon input of 0.1 x10*2 mol yr based on an
average DOC+POC concentration of 0.097 mol m™, which is considerably smaller than the range of
values of DOC and POC combined from Abril et al. (2002). Thomas et al. (2005) use a higher
DOC+POC concentration of 0.293 mol m3, which is consistent with the low end of Abril et al. (2002)
estimate. Rivers draining peatland soils can have DOC concentrations of over 1 mol m?3 (e.g. Liu et
al. 2014, Raike et al. 2016) so we suggest that the mean total organic carbon concentration in rivers
across the NWES must be greater than the lower estimate of 0.097 mol/m= presented here, which
appears low even for the North Sea which probably has disproportionately low contribution from



peatland-draining rivers with respect to the wider NWES. Using the maximum range of these values
(0.097 to 2.18 mol m™ total OC) multiplied by a total river flow of 1.1 x10*? m? yr? gives a range of
DOC fluxes from 0.1 to 2.4 Tmol yr.

We can use IC:0OC ratios to further constrain the range of likely concentrations of DOC as the current
ranges of DIC and OC imply an unrealistically wide range of possible average DIC:0OC values in rivers
flowing into the NWES (~20 :1 to ~1:1). Previous studies suggest riverine inorganic to organic carbon
ratios of between 10:1 (North Sea, Thomas et al. 2005) and 1:1 (Global estimate, e.g. Cole et al.
2007). However, carbon loads in tropical rivers are expected to be dominated by DOC (Jarvie et al.,
2017), so we assert that the global average DIC:OC ratio of 1 is too low for the NWES. Indeed, Jarvie
et al. (2017) find a mean ratio of around 5:1 across a broad range of UK rivers. However in the
absence of a good synthesis of NWES rivers the lower constraint must be >1:1, which is currently
satisfied by the upper end of the DIC and DOC estimates: 2.6(DIC)/2.4(OC) >1. However, we argue it
is highly unlikely that the average DIC:OC ratio in rivers across the NWES is greater than 10:1, the
estimate used by Thomas et al. (2005) for the North Sea and therefore use this for a constraint on
the lower end concentrations of DOC. The lower bound on DOC thus becomes 0.1 x 2.2 Tmol yr DIC
=0.2 Tmol yr! DOC. Therefore we revise our possible bounds on DOC inputs to be from 0.2 to 2.4
Tmol yr.

Riverine DOC input = 0.2 to 2.4 Tmol yr™.

Total riverine carbon input = 2.3 to 5.0 Tmol yr*

Pelagic

Stocks

Ranges of DIC, DOC, PIC and POC stocks were based on measurements from the literature, including
the latest measured and modelled data from the Natural Environment Research Council (NERC) Shelf
Sea Biogeochemistry (SSB) programme. Dissolved inorganic carbon concentrations are strongly
seasonally variable and influenced by NAO (Clargo et al. 2015, Salt et al. 2013) and are increasing
year-on-year (Figure. 7, main text). Looking across previous papers and datasets it is difficult to
separate seasonal variability from climate-influenced variability but a range of mean values from the
NWES of 2.03 to 2.13 mol m?is found (Thomas et al. 2005, Salt et al. 2013, Clargo et al. 2015). The
shelf-wide observations of DIC under NERC SSB in all seasons in 2014/15 find mean concentration of
2.105 mol m3 (Hartman et al. 2018), strongly indicating that the higher end of the literature mean
values is more realistic for the present-day concentration. Present-day modelled values from the
NERC-SSB model (after Butenschén et al. 2016) have a mean value of 2.17mol m?3, possibly
indicating the ongoing increase in DIC concentrations. Taking only post-2010 literature data and
NERC SSB dataset we use a range of 2.061-2.17 mol m™ as representative of the likely range of mean
DIC concentrations between 2010 and 2020.

Mean DOC concentrations observed in the North Sea range from 0.06 to 0.2 mol m™ (Suratman et al.
2009, Chaichana et al. 2019, Painter et al. 2018). Suratman et al. 2009 study a single fixed point
time-series in the Southern North Sea, whereas the latter two studies present data from regional
studies across the whole of the North Sea in summer, and observe mean concentrations between
0.06 and 0.11 mol/m3. Davis et al. (2018) observe 0.057 to 0.072 mol m™ across 4 NERC SSB cruises
in the Celtic Sea. Shelf-wide data from the SSB programme (Carr et al. 2018) show concentrations
ranging from 0.04 (the open ocean background) to 0.16 mol m?, with higher values associated with
the North Sea in Spring. The high values (>0.1) mol m™ observed in Suratman et al. (2009) are also
associated with a spring peak so we assume these cannot be representative of the whole shelf mean



and adopt a range of 0.05 to 0.11 (the latter number being the mean value from Painter et al. 2018)
as representative of mean conditions over the NWES, in agreement with the NERC SSB preliminary
modelling output of 0.08 +/- 0.03 mol m™,

Previous observations of mean POC concentrations in the North Sea range from 0.02 to 0.04 mol m?3
(Suratman et al., 2009; Weston et al., 2004; Buitenhuis et al., 1996). Data collected in the Celtic Sea
as part of the NERC SSB programme (Davis et al., 2018) has a mean concentration of 0.007 mol m?
and a standard deviation of 0.005 mol m=. Mean POC from the NERC SSB core model output
(Butenschon et al. 2016) across the whole shelf is 0.0094, possibly reflecting in this average value
the observed lower concentrations in the Celtic Sea. We adopt the range of 0.007 to 0.04 mol m?.
PIC measurements on the NWES are rather scarce, and we adopt a range of 0.005 to 0.01 mol m™
on the basis of observations by Buitenhuis et al. (1996) and Poulton et al. (2014).

This gives a total carbon concentration of between 2.123 and 2.33 mol m™. Multiplied by the
volume of water on the shelf of 9.91 x10** m? (Wakelin et al., 2012), this gives a total non-living
carbon stock of 210 to 230 Tmol.

The total fish biomass of the North Sea is estimated by Sparholt (1990) as 5.9 to 13.1 million tonnes
wet weight. To convert to dry weight we assume a conversion factor of 0.25 after Mackinson and
Daskalov (2007) and further assume 50% of dry weight is organic carbon (e.g. Lindlay et al. 1999;
Czamanski et al. 2011, Clarke 2008). This yields a per-unit area estimate of 0.11 to 0.24 mol C/m?.
Mackinson and Daskalov (2007) North Sea estimate of pelagic marine organisms (excluding
microscopic organisms) is 9.92 g/m? (ash free dry weight). This converts to 0.41 moles m?, of which
copepods make up about 40%. We therefore take this as the upper estimate giving a range of 0.11
to 0.41 moles carbon per square metre. Multiplied by the area of the NWES of 1.13x10'> m? (Wakelin
et al., 2012), this gives a total living carbon stock of 0.12 to 0.47 Tmol.

Pelagic carbon stock = 210 to 230 Tmol

Air-sea flux

Air- sea CO; flux estimates for the NWES were based on shelf-wide modelling and observational
studies. All studies find the shelf to be a net sink of atmospheric CO, with a net annual flux ranging
from 1.3 Tmol yr (Shutler et al., 2016; 200 m isobath plus Norwegian Trench) to 3.3 Tmol yr?
(Wakelin et al., 2012; for the years 1989-2004). Kitidis et al., (submitted) calculate a net annual flux
of 2.2 Tmol yr? for the shelf (for 2013) and the latest NEMO-ERSEM run (1990-2015) from the NERC
SSB Programme (after Butenschén et al. 2016) finds an annual mean flux of 2.6 Tmol yr for the
shelf within the 200 m isobath and 0.25 Tmol yr'! in the Norwegian Trench, giving a total of 2.9 Tmol
yrl. The potential reasons for differences between these estimates include i) temporal variations or
evolution in the sink itself, ii) differences in the calculation methods used and iii) differences in the
shelf sea boundary definitions with respect to the open ocean and the near-shore.

Net annual air-sea CO; flux = 1.3 to 3.3 Tmol yr*

Cross-shelf exchange

Inorganic

Using the POLCOMS-ERSEM model, Wakelin et al. (2012) find a net inorganic carbon transport of
112.1 Tmol yr! onto the shelf in the upper layer of the water column (above 180 m) and 117.5 Tmol
yr! off of the shelf in the lower layer, giving a total off-shelf inorganic carbon flux of 5.4 Tmol yr?,
with an uncertainty of +- 1 Tmol yr’. The equivalent net flux of inorganic carbon off of the shelf,



derived from the latest NEMO-ERSEM run (1990-2015) is 3.45 Tmol yr?, which is comprised of 0.7
Tmol yr! off-shelf from the Norwegian Trench and 2.75 Tmol yr? off-shelf across the rest of the shelf
break.

Net annual inorganic carbon transport off of the NWES = 3.45 to 6.4 Tmol yr?

Organic

Wakelin et al. (2012) find a net off-shelf organic carbon transport of 0.3 Tmol yr whereas the most
recent NEMO-ERSEM run (1990-2015) estimates this flux as 0.01 Tmol yr?, which is the residual of a
net on-shelf transport of 0.49 Tmol yr? into the Norwegian Trench and a net off-shelf transport of
0.5 Tmol yr across the rest of the shelf break.

Using global measurements of DOC in coastal waters Barron and Duarte (2015) estimate a range of
off-shelf DOC transport of 14.7 to 90 Gg yr'* km™. As the NWES is wide relative to most shelf seas we
expect that a large proportion of terrestrial DOC is remineralised on the shelf, reducing the net off-
shelf transport (Painter et al. 2018, Chaichana et al. 2019). Therefore, taking the lower end of their
range (14.7 Gg yr* km™) and multiplying it by the length of the NWES shelf edge (3714 km) gives an
estimate of 4.55 Tmol yr''. However, Barron and Duarte (2015) assume a net water transport of 1Sv
per 1000km of shelf edge which is far greater than the mean shelf edge transport on the NWES.
Scaling this estimate to a total shelf edge water transport of 1.5 Sv across the whole NWES break
(Spingys, 2017) gives a net off-shelf DOC transport of 1.84 Tmol yr.

Net annual organic carbon transport off of the NWES = 0.01 to 1.84 Tmol yr*

Total net annual off-shelf carbon transport = 3.5 to 8.2 Tmol yr.

Benthic
Stocks

Benthic stocks have been divided into regions 1 to 11 of Wakelin et al. (2012) (Skagerrak and
Kattegat, Southern North Sea, Shetland, Norwegian Trench, Northern North Sea, Irish Shelf,
Amorican Shelf, Central North Sea, Irish Sea, English Channel and Celtic Sea), plus the sediment in
Norwegian fjords and Scottish lochs. Total loch area is 1221 km? (Edwards and Sharples, 1986) and
the area of fjords within our study area is taken as 13600 km?. Areas of the remaining regions are
taken from Wakelin et al. (2012).

POC and PIC stocks in the top 0.1 m of sediment have been estimated for each of the regions in
Wakelin et al (2012) using measurements and spatial modelling. POC stocks were derived from the
spatial predictions of Diesing et al. (2017), explaining 78% of the variance of the data, and the
application of this approach to a wider area by Wilson et al. (2018). Where these two predictions
overlapped the mean was taken. PIC concentrations in the surface sediment were spatially
predicted based on available seabed samples from BGS Geoindex Offshore
(http://mapapps2.bgs.ac.uk/geoindex_offshore/home.html), dbSEABED
(http://instaar.colorado.edu/~jenkinsc/dbseabed) and ICES (http://www.ices.dk/marine-data/data-
portals/Pages/default.aspx) and predictor variables (Bio-ORACLE; Tyberghein et al., 2012, Assis et al.,
2017) using the random forest algorithm (Breiman, 2001). Initially, predictor variables included
bottom temperature, salinity, dissolved oxygen and primary productivity as well as spatial location
(x, y) and water depth. Using only the latter three predictors yielded the most successful model that
explained 63% of the variance of the data. Pearson’s r of a correlation between predicted values and
test values (n = 4179) not used in the prediction was 0.789. PIC concentrations (percentage of



weight) were converted into stocks (kg m™) following Burrows et al. (2014). The mean stocks of POC
and PIC in each of the 11 regions in the budget is presented in Table Al.

Table A1. Mean POC and PIC stocks estimates for the 11 regions shown in Fig 1. All values given to 3
significant figures. *Values based on Stahl et al. (2004), explained in text below.

Region number (name) PIC stock (Tmol) POC stock (Tmol)
1 (Southern North Sea) 55.2 2.94

2 (Central North Sea) 57.6 5.76

3 (Northern North Sea) 94.4 8.67

4 (English Channel) 63.3 1.68

5 (Skagerrak and Kattegat) 29.1 0.86-1.33*

6 (Norwegian Trench) 27.0 5.63

7 (Shetland Shelf) 71.0 2.70

8 (Irish Shelf) 181 6.28

9 (Irish Sea) 76.7 1.86

10 (Celtic Sea) 297 7.43

11 (Armorican Shelf) 52.4 2.69

Total 1000 45.6 (excluding region 5)

The uncertainty on these predicted POC and PIC stocks were estimated based on the inverse of the
variance explained by the predictive method above. For PIC, 37% of the mean, shelf-wide total was
subtracted/added from the mean shelf-wide total, giving a range of 630 to 1400 Tmol. For POC, 22%
of the mean, shelf-wide total was subtracted/added from the mean shelf-wide total, giving a range
of 36 to 56 Tmol. This is a crude approximation and does not fully account for the data
transformations used to derive the predicted stocks, or, in the case of POC, uncertainty on the bulk
density values used. Based on a simple scaling to the shelf, Diesing et al (2017) estimated a POC
range of 230 to 882 MtC (19 to 73 Tmol) on the NWES, based on the 5th and 95th percentiles,
although using on a slightly different area to that used here. Based on these ranges we give benthic
POC stocks in regions 1 to 11, excluding region 5 (Figure 1) a range of 20 to 70 Tmol, and we give
benthic PIC stocks in regions 1 to 11 a range of 500 to 1500 Tmol.

Carbon stocks were calculated separately for the top 0.1 m of sediment in lochs, fjords, and the
Skagerrak and Kattegat, based on literature values of density and the percentage of organic and
inorganic carbon in sediments. Scottish lochs have a dry bulk density of approximately 1.02 g cm™
(Smeaton et al., 2017) and a percentage of organic carbon ranging from 1.8 to 5.3 % (Loh et al.,
2008; Burrows et al., 2017; Smeaton et al., 2017), giving a range of POC stock of 15.3 to 45.1 mol m’
2, The percentage of inorganic carbon in loch sediment ranges from 0.3 to 1.82 % (Loh et al 2008;
Smeaton et al 2017; Burrows et al., 2017), giving a PIC stock of 2.55 to 15.49 mol m™. Fjord POC
stocks were calculated using the same dry bulk density (Smeaton et al., 2017) and a percentage of
organic carbon ranging from 1.02 to 12.4 % (Smith et al., 2015), giving a range of 8.66 to 105.4 mol



m. POC stocks in the Skagerrak and Kattegat were calculated using a dry bulk density of 1.12 g cm3
(Flemming and Delafontaine, 2000) and surface organic carbon measurements ranging from 2.308 to
3.56 % (Stahl et al., 2004), giving a range of 21.5 to 33.2 mol m™. PIC stocks in the Skagerrak and
Kattegat were calculated as part of the spatial prediction, discussed above.

Stocks of dissolved carbon in sediment pore water are very small compared to particulate carbon
stocks and are a small proportion of the total benthic carbon stocks. Sediment profiles of DOC in the
Skagerrak (Stahl et al 2004) and a porosity of 0.7 (Loh et al., 2010) were used to estimate a range of
DOC stock of 0.007 to 0.056 mol m™. Modelled DIC profiles in Krumins et al. (2013) combined with a
porosity of 0.7 (Loh et al 2010), yield stocks of 0.175 mol m™ at the sediment water interface and
0.56 mol m? at 0.1 m .This is consistent average bulk sediment DIC stocks across the NWES
estimated using the NERC SSB ERSEM runs (after Butenschén et al. 2016 ), of 0.298 mol m™.

The non-living benthic carbon stock on the NWES is estimated to be 520 to 1572 Tmol.

In a comprehensive study of North Sea biomass, Mackinson and Daskalov (2007) estimate the
benthic macrofaunal community biomass (ash-free dry weight of all infauna and epifauna) to be
approximately 1.35x10'* g. Assuming approximately 50% of dry weight is carbon in marine
organisms (e.g. Lindlay et al. 1999; Czamanski et al. 2011, Clarke 2008) and dividing by the total area
used by Mackinson et al (2008) gives a per unit area benthic macrofaunal organic carbon content of
9.8 mol m™. In the Fladen Ground in the northern North Sea de Wilde et al. (1986) found a combined
macrofaunal and meiofunal biomass of 11 g m. Assuming approximately half of this is carbon, this
represents 0.46 mol m2. We therefore give the living benthic organic carbon stock a range of 0.46 to
9.8 mol m™. This gives a living benthic carbon stock of 0.52 to 11 Tmol.

Benthic PIC stock = 500 and 1500 Tmol

Benthic POC stock = 21 and 73 Tmol
Total benthic carbon stock = 520 and 1600 Tmol

Pelagic - benthic flux

A paucity of data prevents this flux from being quantified in the same regional detail as the benthic
POC and PIC stocks. Instead, the flux of carbon between pelagic and the benthic components of
budget was estimated for five regions: Skagerrak and Kattegat, Norwegian Trench, lochs, fjords and
finally, the remaining seabed in the study area. Measurements and modelling data have been
synthesised to derive a range for each flux.

POC

POC flux in the Skagerrak and Kattegat has been estimated based on a survey of the Skagerrak by
Stahl et al., (2004), giving a range of 2.19 to 9.97 mol m? yr. POC flux in the Norwegian Trench is
given a range of 1.9 mol m2 yr, which is derived from a hindcast (1990-2015) model run (after
Butenschén et al. 2016), to 9.97 mol m? yr which is the upper limit of POC flux in the Skagerrak
(Stahl et al. 2004). POC flux in two fjords in western Norway was measured by Duffield et al. (2017).
They found POC burial to be lower at the seaward end than at the head of fjords with a range of 1.08
to 14.25 mol m2 yr. This large range encompasses a global estimate of 4.5 mol m™? yr?* (Smith et al.
2015). POC flux in Lochs is given a range of 7.3 mol m? yr (Burrows et al., 2017) to 14.25 mol m? yr
! which is the upper estimate from fjords (Duffield et al., 2017).



For the rest of the shelf sediment POC flux was given a range of 3.42 to 4.89 mol m? yr. The lower
estimate corresponds to POC burial estimates for fine and coarse sediments of 3.52 and 3.23 mol m™
yrrespectively (Burrows et al., 2017), multiplied by the approximate proportions of these sediment
types on the shelf of 67% and 33% respectively (Diesing et al., 2017). The upper estimate is the
seasonal average POC flux measured at the L4 time series, where the sediment is fine sand/muddy
sand and the water depth is 48m (Queiros et al., 2019). A global shelf sea estimate of POC flux of
4.37 mol m2 yr'! (Krumins et al., 2013) is consistent with this range.

PIC

PIC burial data are scarce. A global shelf sea estimate of PIC flux of 0.27 mol m™ yr* (Krumins et al.
2013) is used as the lower estimate across all areas of the NWES. PIC burial in lochs of 2.49 mol m™
yr! (Burrows et al. 2017) is taken as the upper estimate of PIC burial in boths lochs and fjords.

For the rest of the shelf, the upper estimate of PIC flux was taken as 1.02 mol m2 yr. This
corresponds to PIC burial estimates for fine and coarse sediments of 1.36 and 0.33 respectively
(Burrows et al., 2017), multiplied by the approximate proportions of these sediment types on the
shelf of 67% and 33% respectively (Diesing et al., 2017).

DOC and DIC

DOC flux in the Skagerrak and Kattegat was given a range of 0.073 to 0.37 mol m™ yr* from the
sediment to the water, based on the measurements of Stahl et al. (2004). Across the rest of the
shelf, a range of 0 to 0.91 mol m™ yr! from the sediment to the water was used based on Skoog et al
(1996).

A global shelf sea estimate of DIC flux of 4.63 mol m? yr(Krumins et al. 2013) was used as the
upper estimate of DIC flux (from sediment to water) across the shelf. Results from a hindcast (1990-
2015) model run (ERSEM) were used as the lower estimate of DIC flux for the Skagerrak and Kattegat
(2.93 mol m2yr?), and the Norwegian Trench, lochs and fjords (1.90 mol m yr). Measurements
from the L4 time series provide the lower estimate of DIC release across the rest of the shelf, with a
seasonal average of 1.09 mol m yr! (Queiros et al., 2019). This is lower than the value suggested by
hindcast model data of 1.96 mol m? yr! (Butenschén et al. 2016).

Scaling these per-unit-area fluxes to the area of shelf gives a net pelagic to benthic carbon burial for
the whole NWES of between -2.2 and 6.0 Tmol yr.
Pelagic to benthic carbon flux = -2.2 and 6.0 Tmol yr*



Part B - Hierarchical tables of the ranges of stocks and flows of carbon on the NWES, given to two

significant figures. The percentage uncertainty on each stock and flow shows the range as a

percentage of the mid point in the range. Cells are coloured based on percentage uncertainty, with

relatively well constrained stocks or flows coloured more green and relatively poorly constrained

stocks or flows coloured more red.

STOCKS (Tmol)
class min max %uncert.lclass min max % uncert. |class min max % uncert.
Pelagic 210 230, DIC 200 2200 5
DOC 5.0 11 75
POC 065 4.0 140
PIC 050 0.99 67
Living 0.12 0.46 115
Benthic 520 1600 Regions 1to 11 520 1600 100(PIC 500 1500 100
POC 20 70 111
DIC 0.20 0.63 104/
DOC 0.0078 0.063 156
Lochs 0.022 0.075 108|PIC 0.0031 0.019 143|
POC 0.019 0.055 99
DIC 0.00021 0.00068 105
DOC 0.0000085 0.000068 156
Fjords 015 17 166|PIC 0.035 0.21 143|
POC 0.12 1.4 170
DIC 0.0024 0.0076 105
DOC  0.000095 0.00076 156
Living 052 11 Naa|
Coastal 0.69 3.40 saltmarshes 0.23 0.63 94
seagrass 0.0045 0.013 93
flats 0.42 2.5 142
kelp 0.038 0.25 146




FLOWS (Tmol/yr)

class min max % uncert. [class min max % uncert. [class min max % uncert.
Air-sea CO2 1.3 3.3 87
Riverine input 23 50 76| Inorganic 2.2 2.6\‘|
Organic 0.10 2.4 184
Off-shelf transport 35 82 82|Inorganic 3.5 6.4 60
QOrganic 0.010 18 158
Pelagic to benthic  -2.2 6.0 JA88| Skag and Kat. 010 032 386|POC 0087 040 128
PIC 0011 0.041 116
DOC -0.015 -0.0029 133
DIC -0.18 -0.12 45|
Norwegian Trench -0.22 0.59 POC 0.12 0.65 136
PIC 0.018 0.066 116
DOC -0.059 0.0 200
DIC -030 -0.12 83
Lochs 0.0025 0.018 152|POC  0.0089 0.02 65
PIC  0.00033 0.00 161
DOC -0.0011 0.00 200
DIC  -0.0057 0.00 83
Fjords -0.057 0.20 358|P0OC 0.015 0.19 172
PIC 0.0037 0.034 161
DOC -0.012 0.00 200
DIC -0.063 -0.026 83
Elsewhere -1.9 45 POC 3.5 49 35
PIC 0.27 1.0 116
DOC -0.92 0.0 200
DIC -4.7 -1.1 124
Kelp to sediment 0.0 0.094 200| kelp 0.00 0.094 200
Coastal to pelagic  -0.11 0.54 302(Saltmarsh -0.00088 0.035 210
Seagrass -0.0015 -0.00010 175
Flats -0.014 0.50 211
Kelp -0.094 0.0 200
Air-coastal CO2 0.031 0.57 179(Saltmarsh 0.021 0.044 69
Flats 0.010 0.52 152
Coastal burial 0.016 0.065 120|Saltmarsh 0.0062 0.032 135
Seagrass 0.00010 0.0015 175
Flats 0.010 0.032 104

Part C - Estimated carbon burial reduction in coastal habitats due to habitat loss caused by sea

level rise. Data sources for habitat loss rates: Nottage and Robinson (2005); Jones et al., (2011);

Luisetti et al., (2019).

Habitat type Saltmarsh Mud/sand flats Seagrass Total

lower upper lower upper lower upper lower upper
Area on NWES (m2) 1.20E+09 1.75E+09 |1.00E+10 1.80E+10 |1.40E+08 2.10E+08 [1.13E+10 2.00E+10
Carbon burial rate (mol/m2/yr) 5.2 18.3 1 1.75 0.7 7 - -
Annual area loss (%) 0.16 2 0.16 2 1 1 - -
Annual area loss (m2) 1.92E+06 3.50E+07 [1.60E+07 3.60E+08 |1.40E+06 2.10E+06 |1.93E+07 3.97E+08
Annual carbon burial reduction (mol/yr) |9.98E+06 6.41E+08 |1.60E+07 6.30E+08 [9.80E+05 1.47E+07 |2.70E+07 1.29E+09




References (Supplementary Material)

Abril, G., Noguiera, M., Etcheber, H., Cabecades, G., Lemaire, E., Brogueira, M.J., 2002,
Behaviour of organic carbon in nine contrasting estuaries. Estuarine, Coastal and Shelf
Science, 54, 241-262. doi:10.1006/ecss.2001.0844

Adams, C.A., Andrews, J.E., Jickells, T., 2012. Nitrous oxide and methane fluxes vs. carbon,
nitrogen and phosphorous burial in new intertidal and saltmarsh sediments. Sci. Total
Environ. 434, 240-251. doi:10.1016/j.scitotenv.2011.11.058

Artigas, F., Young, J., Hobble, C., Marti-donati, A., Schafer, K.V.R., Pechmann, |., 2015. Long
term carbon storage potential and CO; sink strength of a restored salt marsh in New
Jersey. Agric. For. Meteorol. 200, 313-321. doi:10.1016/j.agrformet.2014.09.012

Artioli, Y., Blackford, J.C., Butenschoén, M., Holt, J.T., Wakelin, S.L., Thomas, H., Borges, A. V.,
Allen, J.1., 2012. The carbonate system in the North Sea: Sensitivity and model validation.
J. Mar. Syst. 102—-104, 1-13. doi:10.1016/j.jmarsys.2012.04.006

Assis, J., Tyberghein, L., Bosh, S., Verbruggen, H., Serrao, E. A., & De Clerck, O., 2017. Bio-
ORACLE v2.0: Extending marine data layers for bioclimatic modelling. Global Ecology and
Biogeography 27, 277-284.

Barillé-Boyer, A.L., Barillé, L., Massé, H., Razet, D., Héral, M., 2003. Correction for particulate
organic matter as estimated by loss on ignition in estuarine ecosystems. Estuar. Coast.
Shelf Sci. 58, 147-153. doi:10.1016/50272-7714(03)00069-6

Barrén, C., Duarte, C.M., 2015. Dissolved organic carbon pools and export from the coastal
ocean. Global Biogeochem. Cycles 29, 1725-1738. doi:10.1002/2014GB005056

Beaumont, N.J., Jones, L., Garbutt, A., Hansom, J.D., Tobermann, M., 2014. The value of carbon
sequestration and storage in coastal habitats. Estuar. Coast. Shelf Sci. 32—40.

Boorman, L., 2003. Salt marsh review. An overview of coastal salt marshes, their dynamic and
sensitivity characteristics for conservation and management. JNCC Report No. 334, JNCC
Peterborough.

Breiman, L., 2001. Random forests. Mach. Learn. 45, 5-32. doi:10.1023/A:1010933404324

Burrows, M.T., Hughes, D.J., Austin, W.E.N., Smeaton, C., Hicks, N., Howe, J.A., Allen, C., Taylor,
P., Vare, L.L., 2017. Assessment of blue carbon resources in Scotland’s inshore marine
protected area network. Scottish Natural Heritage Commissioned Report No. 957.

Burrows, M.T., Kamenos, N.A., Hughes, D.J., Stahl, H., Howe, J.A,, Tett, P., 2014. Assessment of
carbon budgets and potential blue carbon stores in Scotland’s coastal and marine
environment. Scottish Natural Heritage Commissioned Report No 761.

Buitenhuis, E., Bleijswijk, J. Van, Bakker, D., Veldhuis, M., 1996. Trends in inorganic and organic
carbon in a bloom of Emiliania huxleyi in the North Sea. Mar. Ecol. Prog. Ser. 143, 271—
282.

Butenschon M, Clark J, Aldridge JN, Allen JI, Artioli Y, Blackford J, Bruggeman J, Cazenave P,
Ciavatta S, Kay S & Lessin G (2016) ERSEM 15.06: a generic model for marine
biogeochemistry and the ecosystem dynamics of the lower trophic levels. Geosciences
Model Development 9, 1293—-1339

Carr, N., Davis, C.E., Blackbird, S., Daniels, L.R., Preece, C., Woodward, M., Mahaffey, C., 2018.
Seasonal and spatial variability in the optical characteristics of DOM in a temperate shelf
sea. Prog. Oceanogr. doi:10.1016/j.pocean.2018.02.025

Chaichana, S., Jickells, T., Johnson, M., 2019. Interannual variability in the summer dissolved
organic matter inventory of the North Sea: implications for the continental shelf pump,
2019 Biogeosciences.

Clargo, N.M., Salt, L.A., Thomas, H., de Baar, H.J.W., 2015. Rapid increase of observed DIC and
pCO; in the surface waters of the North Sea in the 2001-2011 decade ascribed to climate
change superimposed by biological processes. Mar. Chem. 177, 566-581.
doi:10.1016/j.marchem.2015.08.010



Clarke, A., 2008. Ecological stoichiometry in six species of Antarctic marine benthos. Mar. Ecol.
Prog. Ser. 369, 25-37. doi:10.3354/meps07670

Czamanski, M., Nugraha, A., Pondaven, P., Lasbleiz, M., Masson, A., Caroff, N., Bellail, R.,
Tréguer, P., 2011. Carbon, nitrogen and phosphorus elemental stoichiometry in
aquacultured and wild-caught fish and consequences for pelagic nutrient dynamics. Mar.
Biol. 158, 2847-2862. doi:10.1007/s00227-011-1783-7

Davidson, N.C., Laffoley, D. d’A, Doody, J.P., Way, L.S., Gordon, J., Key, R., Pienkowski, M.W.,
Mitchell, R., Duff, K.L., 1991. Nature conservation and estuaries in Great Britain. Nature
Conservancy Council, Peterborough.

Davis, C.E., Blackbird, S., Wolff, G., Woodward, M., Mahaffey, C., 2018. Seasonal organic matter
dynamics in a temperate shelf sea. Prog. Oceanogr. doi:10.1016/j.pocean.2018.02.021

de Wilde, P.A.W.J., Berghuis, E.M., Kok, A., 1986. Biomass and activity of benthic fauna on the
fladen ground (northern North Sea). Netherlands J. Sea Res. 20, 313-323.
doi:10.1016/0077-7579(86)90053-0

Diesing, M., Kroger, S., Parker, R., Jenkins, C., Mason, C., Weston, K., 2017. Predicting the
standing stock of organic carbon in surface sediments of the North—West European
continental shelf. Biogeochemistry 135, 183-200. doi:10.1007/s10533-017-0310-4

Dijkema, K.S., 1991. Towards a Habitat Map of The Netherlands, German and Danish Wadden
Sea. Ocean Shorel. Manag. 16, 1-21.

Duarte, C.M., 2017. Reviews and syntheses: Hidden forests, the role of vegetated coastal
habitats in the ocean carbon budget. Biogeosciences 14, 301-310. doi:10.5194/bg-14-
301-2017

Duffield, C.J., Alve, E., Andersen, N., Andersen, T.J., Hess, S., Strohmeier, T., 2017. Spatial and
temporal organic carbon burial along a fjord to coast transect: A case study from Western
Norway. The Holocene 1-15. doi:10.1177/0959683617690588

Edwards, A. and Sharples, F, 1986. Scottish Sea Lochs: a Catalogue, Scottish Marine Biological
Association/Nature Conservancy Council 250pp

Essink, K., Dettmann, C., Farke, H., Laursen, K., LierRen, G., Marencic, H., Wiersinga, W., 2005.
Wadden Sea Ecosystem No. 19. Trilateral Monitoring and Assessment Group, Common
Wadden Sea Secretariat, Wilhelmshaven, Germany.

Flemming, B.W., Delafontaine, M.T., 2000. Mass physical properties of muddy intertidal
sediments: some applications, misapplications and non-applications, Continental Shelf
Research, Volume 20, Issues 10-11, 1179-1197.

Fourqurean, J.W., Duarte, C.M., Kennedy, H., Marba, N., Holmer, M., Mateo, M.A., Apostolaki,
E.T., Kendrick, G.A., Krause-jensen, D., McGlathery, K.J., Serrano, O., 2012. Seagrass
ecosystems as a globally significant carbon stock. Nat. Geosci. 5, 1-5.
doi:10.1038/ngeo01477

Hartman, S.E., Humphreys, M.P., Kivimde, C., Woodward, E.M.S,, Kitidis, V., McGrath, T., Hydes,
D.J., Greenwood, N., Hull, T., Ostle, C., Pearce, D.J., Sivyer, D., Stewart, B.M., Walsham, P.,
Painter, S.C., McGovern, E., Harris, C., Griffiths, A., Smilenova, A., Clarke, J., Davis, C.,
Sanders, R., Nightingale, P., 2018. Seasonality and spatial heterogeneity of the surface
ocean carbonate system in the northwest European continental shelf. Prog. Oceanogr.
doi:10.1016/j.pocean.2018.02.005

Houghton, R.A., Woodwell, G.M., 1980. The Flax Pond Ecosystem Study: Exchanges of CO,
Between a Salt Marsh and the Atmosphere. Ecology 61, 1434-1445.

Jarvie, H.P., King, S.M., Neal, C., 2017. Inorganic carbon dominates total dissolved carbon
concentrations and fluxes in British rivers: Application of the THINCARB model-
Thermodynamic modelling of inorganic carbon in freshwaters. Sci. Tot. Env. 575, 496-512,
doi:10.1016/j.scitotenv.2016.08.201

Kitidis, V., Shutler, J.D., Ashton, |., Warren, M., Brown, |., Findlay, H., Hartman, S.E., Humphreys,
M., Kivimae, C., Greenwood, N., Hull, T., Pearce, D., McGrath, T., Stewart, B.M., Walsham,



P., McGovern, E., Bozec, Y., Gac, J.-P., van Heuven, S., Hoppema, M., Schuster, U.,
Johannessen, T., Omar, A.M., Lauvset, S.K., Skjelvan, I., Olsen, A., Steinhoff, T., Kortzinger,
A., Becker, M., Lefevre, N., Gkritzalis, T., Catrijsee, A., Petersen, W., Voynova, Y., Chapron,
B., Grouazel, A, Land, P.E., Nightingale, P.D., in prep. Air-sea CO, exchange on the North-
West European shelf in 2015, submitted

Krause-Jensen, D., Duarte, C.M., 2016. Substantial role of macroalgae in marine carbon
sequestration. Nat. Geosci. 9, 737-742. d0i:10.1038/ngeo2790

Krause-Jensen, D., Lavery, P., Serrano, O., Marba, N., Masque, P., Duarte, C.M., 2018.
Sequestration of macroalgal carbon: the elephant in the Blue Carbon room. Biol. Lett. 14.
doi:10.1098/rsbl.2018.0236

Krumins, V., Gehlen, M., Arndt, S., Van Cappellen, P., Regnier, P., 2013. Dissolved inorganic
carbon and alkalinity fluxes from coastal marine sediments: Model estimates for different
shelf environments and sensitivity to global change. Biogeosciences 10, 371-398.
doi:10.5194/bg-10-371-2013

Lenhart, H.J., Mills, D.K., Baretta-Bekker, H., van Leeuwen, S.M., der Molen, J. van, Baretta,
J.W.,, Blaas, M., Desmit, X., Kiihn, W., Lacroix, G., Los, H.J., Ménesguen, A., Neves, R.,
Proctor, R., Ruardij, P., Skogen, M.D., Vanhoutte-Brunier, A, Villars, M.T., Wakelin, S.L.,
2010. Predicting the consequences of nutrient reduction on the eutrophication status of
the North Sea. J. Mar. Syst. 81, 148-170. doi:10.1016/j.jmarsys.2009.12.014

Lindley, J.A., Williams, R., Brander, K.M., 1999. Dry weight, carbon and nitrogen content of
some euphausiids from the North Atlantic Ocean and the Celtic Sea. J. Plant. Res. 21,
2053-2066.

Liu, W.L., Xu, X., McGoff, N.M., Eaton, J.M., Leahy, P., Foley, N., Kiely, G., 2014. Spatial and
seasonal variation of dissolved organic carbon (DOC) concentrations in Irish streams:
Importance of soil and topography characteristics. Environmental Management, 53, 959-
967. doi:10.1007/s00267-014-0259-1.

Loh, P.S., Reeves, A.D., Harvey, S.M., Overnell, J., Miller, A.E.J., 2008. The fate of terrestrial
organic matter in two Scottish sea lochs. Estuar. Coast. Shelf Sci. 76, 566-579.
doi:10.1016/j.ecss.2007.07.023.

Loh, P.S., Reeves, A.D., Miller, A.E.J., Harvey, S.M., Overnell, J., 2010. Sediment fluxes and
carbon budgets in Loch Creran, western Scotland. Geol. Soc. London, Spec. Publ. 344,
103-124. doi:10.1144/SP344.10

Luisetti, T., Turner, R.K., Andrews, J. E., Jickells, T.D., Kroger, S., Diesing, M., Paltriguera, L.,
Johnson, M.T., Parker, R., Bakker, D., Weston, K., 2019. Quantifying and valuing carbon
flows and stores in coastal and shelf ecosystems in the UK. Ecosystem Services, 35, 67-76.
doi: 10.1016/j.ecoser.2018.10.013

Mackinson, S. and Daskalov, G., 2007. An ecosystem model of the North Sea to support an
ecosystem approach to fisheries management: description and parameterisation, Cefas
Science Series Technical Report.

Maddock, A., (ed.) 2008. UK Biodiversity Action Plan: priority habitat descriptions.

Mcowen, C., Weatherdon, L., Bochove, J.-W., Sullivan, E., Blyth, S., Zockler, C., Stanwell-Smith,
D., Kingston, N., Martin, C., Spalding, M., Fletcher, S., 2017. A global map of salt marshes.
Biodivers. Data J. 5, e11764. doi:10.3897/BDJ.5.e11764

Nedwell, D.B., Underwood, G.J.C., McGenity, T.J., Whitby, C., Dumbrell, A.J., 2016. The Colne
Estuary: A Long-Term Microbial Ecology Observatory. Adv. Ecol. Res. 55, 227-281.
doi:10.1016/bs.aecr.2016.08.004

Ouyang, X. and Lee, S.Y., 2014. Updated estimates of carbon accumulation rates in coastal
marsh sediments. Biogeosciences, 11, 5057-5071

Painter, S.C., Lapworth, D.J., Woodward, E.M.S., Kroeger, S., Evans, C.D., Mayor, D.J., Sanders,
R.J., 2018. Terrestrial dissolved organic matter distribution in the North Sea. Sci. Total
Environ. 630, 630-647. doi:10.1016/j.scitotenv.2018.02.237



Poulton, A.J., Stinchcombe, M.C., Achterberg, E.P., Bakker, D.C.E., Dumousseaud, C., Lawson,
H.E., Lee, G.A,, Richier, S., Suggett, D.J., Young, J.R., 2014. Coccolithophores on the north-
west European shelf: Calcification rates and environmental controls. Biogeosciences 11,
3919-3940. d0i:10.5194/bg-11-3919-2014

Queirds, A.M., Stephens, N., Widdicombe, S., Tait, K., McCoy, S., Ingels, J., Riihl, S., Airs, R,
Beesley, A., Carnovale, G., Cazenave, P., Dashfield, S., Hua, E., Jones, M., Lindeque, P.,
McNeill, C.L., Nunes, J., Parry, H., Pascoe, C., Widdicombe, C., Smyth, T., Atkinson, A.,
Krause-Jensen, D., and Somerfield, P.J. (2019) Connected macroalgal-sediment systems:
blue carbon and foodwebs in the deep coastal ocean. Ecological Monographs

Raike, A., Kortelainen, P., Mattson, T., Thomas, D.N., (2016) Long-term trends (1975-2014) in
the concentrations and export of carbon from Finnish rivers to the Baltic Sea: organic and
inorganic components compared. Aquatic Sciences, 78, 505-523. doi:10.1007/s00027-
015-0451-2

Salt, L.A., Thomas, H., Prowe, A.E.F., Borges, A. V., Bozec, Y., De Baar, H.J.W., 2013. Variability
of North Sea pH and CO; in response to North Atlantic Oscillation forcing. J. Geophys. Res.
Biogeosciences 118, 1584—1592. doi:10.1002/2013JG002306

Shutler, J.D., Land, P.E., Piolle, J.F., Woolf, D.K., Goddijn-Murphy, L., Paul, F., Girard-Ardhuin, F.,
Chapron, B., Donlon, C., 2016. FluxEngine : A Flexible Processing System for Calculating
Atmosphere — Ocean Carbon Dioxide Gas Fluxes and Climatologies. J. Atmos. Ocean.
Technol. 33, 741-756. doi:10.1175/JTECH-D-14-00204.1

Skoog A., Hall P.O.J., Hulth S., Paxeus N., Rutgers van der Loeff M., Westerlund S., 1996. Early
diagenetic mobilization and sediment — water exchange of dissolved humic substances in
the coastal environment. Geochimica et Cosmochimica Acta 60(19):3619-3629.

Skov, M.W., Ford, H., Webb, J., Kayoueche-Reeve, M., Hockley, N., Paterson, D., Lindenboum,
K., Garbutt, A., 2016. The Saltmarsh Carbon Stock Predictor - A tool for predicting carbon
stocks of Welsh and English salt marshes. CBESS, Biodiversity and Ecosystem Service
Sustainability programme (NERC NE/J015350/1), Bangor University, UK.

Smeaton, C., Austin, W.E.N., 2017. Sources, Sinks, and Subsidies: Terrestrial Carbon Storage in
Mid-latitude Fjords. J. Geophys. Res. Biogeosciences 122, 2754-2768.
doi:10.1002/2017)G003952

Smith, R.W., Allison, M.A., Savage, C., Smith, R.W., Bianchi, T.S., Allison, M., Savage, C., Galy, V.,
2015. High rates of organic carbon burial in fjord sediments globally. Nat. Geosci. 8, 450—
454. doi:10.1038/ngeo2421

Sparholt, H., 1990. An Estimate Of The Total Biomass Of Fish In The North-Sea. J.Cons. int.
Explor. Mer 46, 200-210.

Spingys, C.P., 2017. Volume exchange across the shelf edge : the role of the internal tide and
other physical processes. Thesis. University of Liverpool.

Stahl, H., Tengberg, A., Brunnegard, J., Bjgrnbom, E., Forbes, T.L., Josefson, A.B., Kaberi, H.G.,
Hassello, I.M.K., Olsgard, F., Roos, P., 2004. Factors influencing organic carbon recycling
and burial in Skagerrak sediments. J. Mar. Res. 62, 867-907.

Suratman, S., Weston, K., Jickells, T., Fernand, L., 2009. Spatial and seasonal changes of
dissolved and particulate organic C in the North Sea. Hydrobiologia 628, 13—25.
doi:10.1007/s10750-009-9730-z

Thomas, H., Bozec, Y., De Baar, H.J.W., Elkalay, K., Frankignoulle, M., Schiettecatte, L.S.,
Kattner, G., Borges, A. V, 2005. The carbon budget of the North Sea. Biogeosciences 2,
87-96.

Thornton, D.C.0., Dong, L.F., Underwood, G.J.C., Nedwell, D.B., 2002. Factors affecting
microphytobenthic biomass, species composition and production in the Colne Estuary
(UK). Aquat. Microb. Ecol. 27, 285-300.



Tyberghein L, Verbruggen H, Pauly K, Troupin C, Mineur F, De Clerck O (2012) Bio-ORACLE: A
global environmental dataset for marine species distribution modelling. Global Ecology
and Biogeography, 21, 272—-281.

Underwood, G.J.C.; Cotton A.; McGenity, T.J.; Dumbrell A. J., 2016. Coastal Biodiversity and
Ecosystem Service Sustainability (CBESS) nutrient exchange fluxes between sediment
cores and overlying site water. NERC Environmental Information Data Centre.

Wakelin, S.L., Holt, J.T., Blackford, J.C., Allen, J.I., Butenschon, M., Artioli, Y., 2012. Modeling
the carbon fluxes of the northwest European continental shelf: Validation and budgets. J.
Geophys. Res. 117, 1-17. d0i:10.1029/2011JC007402

Wang, Z.A., Cai, W., 2004. Carbon dioxide degassing and inorganic carbon export from a marsh-
dominated estuary (the Duplin River): A marsh CO, pump. Limnol. Oceanogr. 49, 341-354.

Wang, Z.A., Kroeger, K.D., Ganju, N.K., Gonneea, M.E., Chu, S.N., 2016. Intertidal salt marshes
as an important source of inorganic carbon to the coastal ocean. Limnol. Oceanogr. 2,
1916-1931. doi:10.1002/In0.10347

Weston, K., Jickells, T.D., Fernand, L. and Parker, E.R., 2004. Nitrogen cycling in the southern
North Sea: consequences for total nitrogen transport. Est. Coastal Shelf Sci. 59, 559-573.

Wilson, R.J., Speirs, D.C., Sabatino, A., Heath, M.R., 2018. A synthetic map of the north-west
European Shelf sedimentary environment for applications in marine science. Earth Syst.
Dyn. 10, 109-130.

Wood, C.L.; Hawkins, S.J.; Godbold, J.A.; Solan, M. (2015). Coastal Biodiversity and Ecosystem
Service Sustainability (CBESS) total organic carbon in mudflat and saltmarsh habitats.
NERC Environmental Information Data Centre.



