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Abstract

International policy frameworks recognize the net drawdown and storage of atmospheric greenhouse gases
through management interventions on blue carbon ecosystems (saltmarshes, mangroves, seagrasses) as poten-
tial emissions offset strategies. However, key questions remain around the “additionality” of the carbon seques-
tered by these ecosystems, and whether some fraction of the organic carbon (OC) that does not derive from in
situ production (allochthonous) should be included in carbon budgets. This study compares the radiocarbon
(**C) contents of saltmarsh soils and CO, evolved from aerobic laboratory incubations to show that young OC
is preferentially respired over aged OC, and that the latter is also vulnerable to remineralization under oxic con-
ditions. This highlights that management interventions which reduce the exposure of saltmarsh soils to oxic
conditions support the inclusion of some portion of allochthonous OC in carbon budgets. Elevated temperature
incubations provide preliminary evidence that the predominant source of respired OC will not change under
predicted future warmer conditions. Saltmarsh typology also influences the '*C content of both the bulk soil

and respired CO,, highlighting the importance of site selection for optimized blue carbon additionality.

Blue carbon ecosystems (BCEs), such as saltmarshes, accu-
mulate organic carbon (OC) over millennia (Mcleod et al. 2011;
Macreadie et al. 2021; Friess et al. 2022) and store vast amounts
of carbon (> 30,000 Tg). There is significant public and private
interest in using these systems for their potential climate miti-
gation and adaptation benefits, through management inter-
ventions including habitat protection, restoration, and
creation (Needelman et al. 2018; Macreadie et al. 2019; Friess
et al. 2022).

The protection and restoration of BCEs could deliver an off-
set of up to 3% of global emissions annually and is estimated
to have a potential worth > $10 billion from private markets
alone (Friess et al. 2022). In fact, voluntary carbon markets have
facilitated the initiation of successful blue carbon projects for
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climate mitigation (Needelman et al. 2018; Friess et al. 2022).
Verified Carbon Standard (VCS; VERRA 2021) projects are initi-
ated for climate regulation, however projects initiated for pur-
poses such as biodiversity gain have earlier achieved successful
climate mitigation (McMahon et al. 2023). These initiatives
have coincided with a rapidly evolving evidence base to
quantify and understand BCEs, and in 2019, Macreadie
et al. (2019) identified 10 key outstanding blue carbon
research questions. One of these priority questions con-
cerned the need to empirically understand the sources of
carbon accumulating in BCEs.

Saltmarshes sequester OC produced through aboveground
and belowground plant production (autochthonous sources),
while also accumulating terrestrial and marine sediments
deposited during tidal inundation (allochthonous sources)
(Komada et al. 2022). The proportion of these OC source con-
tributions are highly variable, with some saltmarshes domi-
nated by autochthonous inputs (typically organogenic soils),
while others accumulate varying amounts of allochthonous
OC (often as minerogenic soils) (Komada et al. 2022).

The source of the OC in saltmarsh soils is important as it
plays a role in how much of the total OC accumulating in
these ecosystems can be attributed to direct sequestration of
carbon from the atmosphere, in turn aiding climate mitigation
through the reduction in the amount of atmospheric green-
house gases (GHGs) (Macreadie et al. 2019; VERRA 2023). Only
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under appropriate management conditions (i.e., restoring or
protecting a BCE), is this process termed “additionality” (IPCC
2014; VERRA 2023). However, some authors have suggested
that the trapping of a portion of the allochthonous OC in
saltmarsh soils cannot be directly attributed to the reduction of
atmospheric CO, concentrations because that carbon was origi-
nally sequestered elsewhere in the environment and subse-
quently transported to the saltmarsh (Needelman et al. 2018;
Gallagher et al. 2022).

According to guidelines from the voluntary emissions off-
sets company VERRA, a portion of the allochthonous OC—
that portion which is bound to mineral surfaces—must be
deducted from total OC for minerogenic saltmarsh carbon
crediting projects unless it can be proven that in the absence
of the project (i.e., the management intervention) the allo-
chthonous OC would have been lost to the atmosphere
through remineralization (i.e., that the management interven-
tion of the project delivers avoided emissions through the
long-term burial of allochthonous OC at the site) (Needelman
et al. 2018; VERRA 2023). The Intergovernmental Panel on
Climate Change (IPCC) guidelines, which Governments may
adopt for implementation of saltmarsh GHG emission
accounting as part of their Nationally Determined Contribu-
tions (i.e., the inclusion of BCEs in their GHG emissions bud-
gets to reach net-zero), do not require a deduction for
allochthonous OC (IPCC 2014; Lovelock et al. 2022). These
divergent approaches for dealing with additionality (and
hence the significance of OC sources in saltmarsh soils) high-
light the need for further research to understand how allo-
chthonous and autochthonous OC components are stored
and/or remineralized from saltmarsh ecosystems, with impli-
cations for improved blue carbon accounting.

As well as accumulating OC, saltmarshes also respire CO, aer-
obically from oxygenated portions of the soil profile, for exam-
ple, during periods of exposure during low tide as the water table
deepens (McTigue et al. 2021). Additional mechanisms of OC
loss co-occur with this aerobic respiration of the soil OC pool;
these include anaerobic CH, and CO, respiration and lateral
fluxes of dissolved carbon species (Al-Haj and Fulweiler 2020;
Santos et al. 2021), but these are not considered further here.

To further complicate matters, it is increasingly recognized
that there may be variable reactivity and turnover times of
these different OC sources (Leorri et al. 2018; Van de Broek
et al. 2018; Komada et al. 2022). The in situ (autochthonous)
sources of OC in saltmarsh soils are fresh organic matter
(OM), made up of (mostly) labile OM compounds; these there-
fore tend to be readily available for respiration by microbial
communities (McTigue et al. 2021; Komada et al. 2022; Smeaton
and Austin 2022). The imported OM (allochthonous) compo-
nents have been found to have a greater proportion
of compounds which are resistant to respiration, either being
more recalcitrant or protected through mineral association (Van
de Broek et al. 2018; Mueller et al. 2019; Komada et al. 2022).
Komada et al. (2022) found that carbon burial and CO,
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emissions were decoupled in a minerogenic saltmarsh in Califor-
nia, USA, due to the rapid turnover of contemporary autochtho-
nous OC and long-term storage of stable, preaged allochthonous
OC. Van de Broek et al. (2018) reached similar conclusions for
minerogenic, estuarine saltmarshes in the Scheldt Estuary
(Belgium and the Netherlands), as did Mueller et al. (2019) for
saltmarshes in the European Wadden Sea.

Although autochthonous OM is viewed as mostly labile
and vulnerable to mineralization under aerobic conditions, a
relatively smaller proportion of allochthonous OM is also
labile under aerobic conditions (Middelburg et al. 1997;
Van de Broek et al. 2018).

The previous work determining the difference in carbon
turnover rates between autochthonous and allochthonous
sources of carbon have employed indirect methods, mainly
density separation on distinct soil depth increments followed
by 'C and '*C measurement of the different fractions which
represent autochthonous and allochthonous OC (Van de
Broek et al. 2018; Komada et al. 2022). Using variation with
depth to infer changes with time assumes a constant input
term and this oversimplification is potentially complicated by
temporal changes in the proportion of OC sources accumulat-
ing at the sediment surface as the saltmarsh evolves (Van de
Broek et al. 2018). Root productivity can inject young OM
into soils as deep as 40 cm, which can also complicate a
depth-for-time approach (Bernal et al. 2017).

Sediment traps have been used to quantify the difference
in OM properties between the contemporary allochthonous sedi-
ment deposited on these traps and the bulk soil (Van de Broek
et al. 2018). However, this method may be impacted by
redeposition of eroded soils from within the saltmarsh site, con-
tributing autochthonous OM to the material captured in the sed-
iment trap (Luk et al. 2021). Other methods to quantify the
sources of OC accumulating in saltmarshes have been attempted,
for example with bulk and compound-specific stable isotopes,
but these have been limited in their success due to overlapping
signatures of sources, complexity, and cost (Geraldi et al. 2019).

14C dating provides an estimate of when the OM was iso-
lated from the atmosphere (Hajdas et al. 2021; Komada
et al. 2022). In the 1950’s, atmospheric nuclear weapons test-
ing caused a spike in atmospheric '*C, causing carbon seques-
tered after 1955 to have a %Modern *C of > 100, often
referred to as “post-bomb” (Hajdas et al. 2021). The **C CO,
concentration in 2022 was ca. 99.7 %Modern, as atmospheric
concentrations have steadily decreased since a peak in
ca. 1963 (Hajdas et al. 2021; Hua et al. 2022). Therefore, a
“pre-bomb” ¢ concentration (< 100 %Modern) could also be
very recent. Bulk soil samples from minerogenic saltmarshes
likely contain multiple OM sources of varying ages, and
eroded soils from within the marsh site may be re-deposited
on the marsh surface, so while *C cannot be used to trace the
precise OM source, this 100 %Modern marker can be used to
assign a predominantly young (post-1955), or predominantly
aged source for surficial soil samples (Komada et al. 2022).
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We propose a method for qualitatively determining the dif-
ferential turnover rates of saltmarsh carbon by measuring the
radiocarbon (**C) content of both the bulk soil and respired
CO, from aerobic laboratory incubations. The '*C content of
respired CO, has previously been measured from terrestrial
ecosystems such as peatlands (Hardie et al. 2005; Briones
et al. 2010; Garnett et al. 2019), but has yet to be applied to
saltmarsh soils at the time of manuscript submission. Here, we
use '*C measurements of bulk soil and respired CO, from
temperature-controlled, aerobic laboratory incubations to
investigate the turnover of saltmarsh carbon in conditions
which represent a potential degradation scenario (e.g., drain-
age), and to determine the effects of elevated temperature on
the source of CO, emissions. We hypothesized that young OC
would be preferentially respired over aged OC, and that more
of the aged OC would be respired from the elevated tempera-
ture incubation.

Methods

Field sites

Three contrasting saltmarshes in Scotland were sampled:
Kyle of Tongue (KoT), Loch Laich (LL), and Skinflats
(SK) (Fig. 1). KoT and LL are loch-head saltmarshes (Fig. 1),
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which are found in sheltered areas of sea-lochs (fjords) and are
the prevalent saltmarsh typology along the North (KoT) and
West (LL) coasts of Scotland (Haynes 2016). KoT differs from
LL as the fjord it is situated in has been infilled by sediments,
in addition to having a large peatland catchment (Smeaton
et al. 2020). SK is an estuarine saltmarsh in Central Scotland
(Fig. 1) with a high sediment supply (Clarke and Elliott 1998).
SK is situated in a region of intensive land use, including land-
scape degradation and reclamation for agriculture, and historic
coal mining (Hansom and McGlashan 2004). The sites were
chosen based on existing radioisotope data from the C-SIDE
project (https://www.c-side.org/) which shows that each of
the sampled marshes are accreting (Miller et al. 2023, Smeaton
et al., 2022). Supporting Information Table S1 summarizes key
soil properties not included in the main text.

Field methods

Between June 2022 and August 2022, three replicate soil
cores were taken from the low marsh of each site, ca. 30 m
apart; the replication allows for an assessment of the natural
variability. The low-marsh is defined by vegetation assemblage
and elevation, and in this study the samples were taken
towards the sea-ward edge of the low marsh (Haynes 2016;
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Fig. 1. Field sites denoted with markers on a map of Scotland. Inset maps to the right show zoomed in area surrounding each site: KoT (pink circle);

LL (green triangle); SK (orange square).
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Austin et al. 2021). A wide-diameter (10 cm) golf-hole cutter,
designed to collect substantial amounts of soil material with
minimal compaction was employed to recover intact cores.
The core material was wrapped in foil, kept cool and returned
to the laboratory within 24 h of collection and stored in a cool
(4°C), dark environment to minimize OM loss prior to prepa-
ration for analysis.

Laboratory methods
Sub-sampling

Immediately upon return from the field, using a serrated
knife, a full slice at 0-1, 5-6, and 19-20 cm (or the basal 1 cm
if shallower) was removed from each core. The outer edge of
the samples was removed to exclude potential contamination
through downcore smearing, and aboveground vegetation was
removed from the O to 1 cm samples. Each section of core
was split into sub-samples for bulk '*C analyses, and for the
incubations. The incubation samples were stored in a refriger-
ated, dark room (ca. 4°C) overnight. The bulk soil **C samples
were submitted to the National Environmental Isotope Facility
(NEIF) Radiocarbon Laboratory for further preparation and
'4C measurement.

Preparation of incubation vessels

Each incubation sample was placed into a pre-weighed, air-
tight incubation chamber and sealed, before weighing to cal-
culate wet sample mass. An EGM-S infrared gas analyzer
(PPSystems, USA) was connected to the gas ports of the cham-
bers and a soda-lime cartridge to set up a closed loop of
chamber—EGM-5 (gas in)—EGM-5 (gas out)—soda-lime
cartridge—chamber. Chamber air was circulated through this
closed loop to scrub the chamber CO, concentration to
ca. 400 ppm (approximately current atmospheric conditions).
The chambers were then placed into the appropriate incuba-
tor. One incubator was set to 11 &+ 1°C to represent ambient
conditions (mean maximum monthly air temperature in Scot-
land 1991-2020; Met Office 2023), and the other to 20 + 1°C
to represent future elevated temperature scenarios.

CO; concentration measurement

Within 4 h of the incubation starting, a chamber from the
incubator was removed (starting with first sample placed in
incubator). A closed loop of chamber—EGM-5 (gas in)—
EGM-5 (gas out)—chamber was set up (Supporting Informa-
tion Fig. S1), allowing CO, concentration to steady, before
recording the concentration and time. The chamber was
placed back in the incubator. This process was repeated for
each chamber so that three measurements were recorded
for each over 36 h. The above scrubbing and measuring proce-
dures were repeated twice more to generate nine CO, concen-
tration measurements per sample.

CO; collection
After the outlined CO, measurement procedure, samples of
respired CO, for '*C analysis were collected using the NEIF
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Radiocarbon Laboratory molecular sieve traps and established
methods that have been shown to be reliable (Garnett
et al. 2021). First, each chamber was scrubbed using soda lime
to remove atmospheric CO,. This was done in a closed loop of
chamber—EGM-5 (gas in)—EGM-5 (gas out)—soda-lime
trap—chamber for 10 min at a flow rate of 500 mL min~"' to
flush the volume of the 1 liter chamber 5 times. The chambers
were then returned to the incubators to respire. Chamber CO,
concentration was monitored using the EGM-5 in a closed
loop (with the gas lines scrubbed of CO, prior to connecting
to avoid contamination) and used to establish when sufficient
sample had accumulated for analysis (>3 mL CO,, >3000 ppm).
When sufficient CO, had accumulated it was collected for *C
analysis by circulating the chamber gas through a molecular
sieve cartridge using the EGM-5 pump. The chambers were
placed back in the incubator. The CO, '*C samples were sub-
mitted to the NEIF Radiocarbon Laboratory for further prepa-
ration and '*C measurement.

Bulk soil and respired CO, '*C measurement

Each bulk soil sample was rinsed with 1 M HCI to remove
carbonates before rinsing with deionized water to remove
mineral acid. However, prior to the incubations it was decided
not to treat the incubated soils with acid as this may alter res-
piration processes, thus making the evolved CO, less represen-
tative of field conditions. Therefore, the incubated soils may
have contained some carbonate which could be released as
CO; under certain conditions (Ramnarine et al. 2012; Hajdas
et al. 2021). Following the acid treatment, the bulk soil sam-
ples were dried and homogenized before cryogenically recov-
ering the carbon as CO, after combusting the sample at 900°C
with Copper oxide (CuO) in a sealed quartz tube. The total
CO, trapped on the molecular sieve from the laboratory incu-
bations was recovered by heating while purging with high-
purity nitrogen gas (Research Grade 99.9995% purity, BOC,
UK; Garnett et al. 2019). The CO, from both the bulk soil
samples and the laboratory incubations was subsequently
graphitised by Fe/Zn reduction and transferred to the Scot-
tish Universities Environmental Research Centre Accelerator
Mass Spectrometer (AMS) Laboratory for '*C analysis. 8'3C
(relative to Vienna PDB standard) was measured using iso-
tope ratio mass spectrometry on a Delta V (Thermo,
Germany) and used to normalize the #C results to a
8'3C = —25%o0, which were reported as %Modern '*C
(i.e., Fraction modern x 100).

Statistical analyses

For the bulk soil and respired CO, for each site, the mean
14C content of the three replicate samples from the three
depths was calculated, with the errors reported to one stan-
dard deviation (SD). Statistical analyses were carried out in
SigmaPlot v12.5.
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Results

Incubation CO, efflux rates

The rate of CO, efflux from the samples from each site
decreased significantly with depth for both incubations
(Kruskal-Wallis, p<0.05 for both incubations; Fig. 2;
Supporting Information Tables S1, S2). At each depth CO,
efflux rates were greater from the elevated temperature incuba-
tion, but this difference was not statistically significant
(Shapiro-Wilk, p > 0.05).

The CO, efflux rates from each site were tested with an
ANOVA which determined that CO, fluxes were not signifi-
cantly different between any of the sites for either the ambi-
ent or elevated temperature incubations (Kruskal-Wallis,
p > 0.05; Kruskal-Wallis, p > 0.05, respectively).

Bulk soil and CO, '*C content

The surficial soil (0.5 cm depth) %Modern 'C contents for
each site are < 100 %Modern, and not significantly different
between KoT and LL (t-test; p > 0.05; Fig. 3A; Table 1). SK is
significantly depleted in '*C relative to KoT and LL (t-tests;
p <0.001 for both; Fig. 3A; Table 1). There is also greater varia-
tion in the surficial '*C results at SK.

The mid-depth (5.5 cm) soil '*C results are significantly
enriched relative to the 0.5 cm depth samples for LL (f-test;
p <0.05; Fig. 3A) but not significantly for KoT (t-test, p > 0.05).
At SK, the 5.5cm depth '*C results are slightly enriched

1Kyle of Tongue
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relative to 0.5 cm depth (t-test, p > 0.05) but remain signifi-
cantly depleted relative to KoT (t-test, p < 0.001) and LL (t-test,
p <0.001).

The 15.5 cm depth soil '*C content is slightly depleted rela-
tive to the 5.5 cm samples for KoT (t-test, p > 0.05), with the
same trend for the LL 12.5 cm depth increment relative to
5.5 cm depth (t-test, p > 0.05), but there is greater variation at
this depth increment for both sites (Fig. 3A). The 17.5 cm
depth '*C content at SK is slightly enriched relative to the
5.5 cm depth (t-test, p > 0.05), but very depleted relative to
15.5 cm at KoT (t-test, p<0.001) and 12.5 cm at LL (t-test,
p <0.001; Fig. 3A).

The soil '*C contents for each site highlight the similarity
of the soils at KoT and LL, and the depleted '*C content of SK
(Table 1; Fig. 3A). The bulk soil *C contents of KoT and LL
are not significantly different (t-test, p > 0.05); whereas SK has
significantly depleted '*C content relative to both sites
(ANOVA, p < 0.001; Fig. 3A; Table 1).

For KoT and LL, the mean CO, *C contents respired from
the ambient incubation were > 100 %Modern for each depth
increment (Table 2; Fig. 3B). Similar trends to the bulk soil **C
content were evident for both sites with a slight enrichment
of the 5.5 cm sample compared to the 0.5 cm depth sample
for KoT (t-test, p > 0.05), and a significant enrichment of the
5.5 cm sample compared to the 0.5 cm depth sample for LL
(t-test, p<0.05). At both sites the basal (15.5 and 12.5 cm,
respectively) samples display greater variation in '*C content

Depth (cm)
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01Loch Laich

Depth (cm)

Skinflats

8 1

Depth (cm)

10 20 0
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ug COp gdw™ h™!

Fig. 2. Mean CO; fluxes per gram of dry weight (ug CO, gdw ' h™") from the ambient (blue) and elevated temperature incubations (red) of KoT,

LL, and SK. Errors are reported to one standard deviation from the mean.

552

85UB017 SUOWILIOD BA 81D 3|t dde 8y} Aq peusenob afe Sa (ol YO BSn 0 S3|nI o A%Iq1T8UIIUO 43| 1M UO (SUORIPUOD-PUR-SWISHLI0D" A3 IM A e1q 1 [UlIUO//:SANY) SUORIPUOD PUe SWB L 83 88S * [7202/70/6T] U0 Areiqi auluo A|Im ‘1881 Aq 80SZT OUI/Z00T OT/10p/wiod: A 1M Arelqijpuluosgndose//sdiy Lol papeojumoq ‘€ ‘¥20Z ‘06556E6T



Houston et al.

Depth (cm)
h

=
o
N

Carbon cycling in saltmarsh soils

154

Site
KoT

Depth (cm)
o

=
(=
N

N
a
L

- L

% 50
%Modern 14C

75 100

Fig. 3. Mean %Modern '“C content of the (A) bulk soil and (B) respired CO, from the ambient temperature (11 + 1°C) incubations of KoT, LL,
SK. Vertical dotted line represents 100 %Modern *C. Errors reported to one standard deviation from the mean (Table 1).

(Table 2; Fig. 3B). All individual samples bar two from KoT
were > 100 %Modern (Table 2). The mean CO, '“C contents
for the SK samples were each <100 %Modern, and signifi-
cantly depleted relative to KoT (f-test, p=0.001) and LL
(t-test, p < 0.05; Table 2; Fig. 3B).

Bulk soil and respired CO, (ambient temperature) '*C
comparison

Figure 4 plots the difference (A'*C; Eq. 1) between the '*C
content of respired CO, and soil, against the '*C content of

the soil, and shows that at ambient temperatures the CO; is
significantly '*C-enriched relative to the bulk soil (t-test,
p < 0.05). This offset increases with soil '*C content depletion,
with a significant linear regression highlighted in Fig. 4
(p < 0.001). In contrast to the mostly <100 %Modern '*C con-
tent of the bulk soil (Table 1), the '*C content of the respired
CO; from KoT and LL is mostly >100 %Modern, aside from
two <100 %Modern samples from KoT (Table 2). Despite being
significantly enriched in '*C relative to the bulk soil (Fig. 4),
the SK CO, samples have <100 %Modern '*C signatures,

Table 1. Bulk soil %Modern '“C content. Mean calculated to one standard deviation (SD) error as shown in Fig. 3A. The 13C contents

reported alongside these results are shown in Table S2.

14C content (%Modern =+ 1 ¢)

Site Depth T1 T2 T3 Mean %Modern £ SD
KoT 0.5 99.91 £ 0.46 95.29 £ 0.42 95.29 £ 0.42 96.83 +£2.18
KoT 55 99.11 £ 0.45 99.73 £ 0.46 98.22 £ 0.46 99.02 £+ 0.62
KoT 15.5 91.21 £ 0.40 90.11 £ 0.40 106.85 + 0.50 96.06 + 7.65
LL 0.5 96.64 + 0.45 99.68 + 0.44 98.96 + 0.46 98.43 +£1.30
LL 55 104.82 + 0.47 101.05 £ 0.46 112.02 £0.52 105.97 £ 4.55
LL 12.5 66.74 +£0.29 101.96 + 0.44 98.22 £ 0.46 88.97 £15.80
SK 0.5 47.49 +£0.23 31.47 £0.15 47.03+0.22 42.00 + 7.44
SK 55 45.03 +£0.20 43.69 +0.21 4415+ 0.21 44.29 £ 0.56
SK 17.5 41.36 £ 0.19 50.93 £0.24 44.48 +£0.21 45.59 +3.99
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Table 2. %Modern '“C content of the respired CO, from the ambient temperature (11 £ 1°C) incubations of KoT, LL, SK. Mean calcu-
lated to one standard deviation () error as shown in Fig. 3B. The 'C contents reported alongside these results are shown in Table S3.

14C content (%Modern + 1 )

Site Depth T T2 T3 Mean %Modern + SD
KoT 0.5 100.57 £ 0.46 99.73 £ 0.46 102.03 £ 0.47 100.78 £ 0.95

KoT 5.5 101.03 £ 0.47 102.07 £ 0.44 102.01 £0.45 101.70 £ 0.48

KoT 15.5 94.89 + 0.44 104.23 £ 0.48 100.97 £ 0.46 100.03 + 3.87

LL 0.5 100.66 + 0.46 101.75 £ 0.44 102.58 £ 0.45 101.66 £ 0.79

LL 5.5 106.25 £ 0.46 104.34 £ 0.48 103.84 £0.48 104.81 £1.04

LL 12.5 120.12 £ 0.52 106.58 +£ 0.47 102.53 £ 0.47 109.75 £7.52

SK 0.5 99.15 + 0.45 98.97 £ 0.43 97.56 + 0.43 98.56 + 0.71

SK 5.5 87.18 +0.38 90.26 + 0.40 88.22 + 0.41 88.56 +1.28

SK 17.5 36.13 £ 0.36 94.86 + 0.44 28.25+0.37 53.08 + 29.72

with two outliers which have extremely depleted '*C contents
(Table 2).

AMC: 14COZ—14Csoilv (1)

Respired CO, comparison of ambient and elevated
temperature *C content

The '*C content of the CO, evolved from elevated tempera-
ture (20 £+ 1°C) incubations of sub-samples from the three

cores from each site for the 5.5 cm depth increment were also
measured and compared to the '*C content of the CO,
evolved from ambient temperature (11 + 1°C) incubations
(Fig. 5; Eq. 2). Figure 5 shows that there is no significant differ-
ence in the *C content between the temperature treatments
(t-test, p > 0.05; Tables 2, 3; Fig. 5). In general, the 14c samples
from the elevated temperature incubation were slightly '*C
depleted relative to the ambient temperature incubation, with
one outlier from SK (—22.57 %Modern '*C difference). This
outlier was caused by significant depletion of the elevated

A
m.
Site
KoT
O
¥ 5 - L
< x
D A
0_ A
A
50 7 100

%Modern 14C50i1

Fig. 4. *C offset (A'*C) between bulk soil and respired CO, from ambient (11 + 1°C) incubations of samples from KoT, LL, SK. A’*C is the difference

between '*CO, and "*C,; (Eg. 1) and 14C content is reported as %Modern. Positive values correspond to enrichment of 14CO, relative to "*C,;. Linear
regression (blue line) with 95% confidence interval (gray shading) highlights the relationship between '*C offset and bulk soil '*C content

(A1C = 65.824 — [0.629 * "*C,.i]). The regression excludes the two SK outliers to the bottom left of the figure.
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Fig. 5. 14C offset between the respired CO, from ambient (11 £ 1°C) and elevated (20 + 1°C) incubations of samples from KoT, LL, SK. The horizontal
dotted line represents 0 %Modern A“Ctemperature. AMCtemperamre (Eg. 2) is the difference between T4CO; elevated aNd *CO5 ambient and 14C content is
reported as %Modern. Negative values correspond to depletion of the 'C respired at the elevated temperature relative to the ambient temperature incu-

bation '“C.

temperature sample relative to the sample from the ambient
temperature incubation for SK T2 17.5 cm (Tables 2, 3). If this
outlier is excluded from the dataset, the difference between
the '*C content of the CO, respired from the two temperature
treatments remains insignificant (t-test, p > 0.05).

Discussion

Intersite differences in soil '*C content

The surficial soil (0.5 cm depth) 1€ results for each site in this
study are <100 %Modern (Fig. 3A). It is not possible to state
whether the 0.5 cm depth soil samples at KoT T1 and LL T2 are
predominantly post- or pre- bomb, as they have !C
signatures > 99.7 %Modern (current atmospheric concentration)
but < 100 %Modern (Table 1). The remaining 0.5 cm depth soil

samples from KoT and LL have pre-bomb '*C contents which
are < 99.7 %Modern, indicating that they contain an aged OC
component (Hajdas et al. 2021). This component appears to
have a much stronger signal at SK, as the '*C is considerably
depleted (Fig. 3A). The greater variation in the 0.5 cm depth C
results at SK than KoT and LL is indicative of a range of sources
of varying ages accumulating in the soil, typical of the estuarine
setting of SK (Leorri et al. 2018; Miller et al. 2023). The relative
1C enrichment of the mid-depth (5.5 cm) soil compared to
0.5 cm depth at each site (Fig. 3A) may have been caused by the
ca. 1963 'C bomb spike rapidly elevating atmospheric '*C
amounts to >100 %Modern (post-bomb) concentrations which
have steadily decreased since (Hajdas et al. 2021; Hua et al. 2022)
and are consistent with the published radioisotope stratigra-
phy which demonstrate high OC accumulation rates at SK

Table 3. '“C content of the respired CO, from the elevated temperature (20 + 1°C) incubations of KoT, LL, SK (%Modern + 1 c). The
13C results reported alongside these results are shown in Supporting Information Table S4.

14C content (%Modern + 1 6)

Mean
Site Depth T1 T2 T3 %Modern £ SD
KoT 55 100.27 £ 0.44 100.08 + 0.46 100.89 £ 0.46 100.41 £ 0.35
LL 55 107.55 £ 0.49 103.84 £+ 0.45 104.51 £0.48 105.30 £ 1.61
SK 55 84.10 + 0.40 67.69 + 0.35 87.30 £ 0.41 79.70 £+ 8.59
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(Miller et al. 2023). Roots can inject young OM at up to
40 cm depth, which could contribute OM of varying
ages to the 5.5 cm depth increments, potentially adding
'4C-enriched OM at this depth (Bernal et al. 2017). Impor-
tantly, post-bomb *C could be autochthonous OM or
young, allochthonous OM from the local catchment or adja-
cent marine environment. In this study, we are not able to
differentiate between young, allochthonous OM and young,
autochthonous OM due to overlapping '*C signatures of
end-member sources (Smeaton and Austin 2017). The rela-
tive '*C depletion of the basal soil samples at KoT and LL
(15.5 and 12.5 cm, respectively) compared to 5.5 and 0.5 cm
(Fig. 3A) is likely driven by the OM at these depths being iso-
lated from the atmosphere prior to the '*C bomb-spike
(Hajdas et al. 2021) and/or the disproportionate contribution
of aged, refractory OM to the long-term store as young, labile
OM is preferentially remineralized (Leorri et al. 2018; Van de
Broek et al. 2018; Komada et al. 2022). At SK the 17.5 cm
depth bulk soil '*C content is slightly enriched relative to
the 5.5 and 0.5 cm depth soil samples (Fig. 3A). Published
radioisotope stratigraphy for SK indicates that all soil OM in
the SK samples was accumulated into the saltmarsh soil
post-bomb *C spike, which may explain this slight enrich-
ment at depth (Miller et al. 2023). As with the 5.5 cm depth
increment, the injection of young OM by root productivity
is possible, which could enrich the '*C content of the
deepest samples from each site as all are <20 cm deep
(Bernal et al. 2017).

The mean bulk soil *C contents (Fig. 3A) highlight the
similarity of the soils at KoT and LL, and the depleted '*C con-
tent of SK. This may be related to saltmarsh typology, as KoT
and LL are loch-head (fjord) saltmarshes, whereas SK is a
saltmarsh fringing a sediment rich estuary (Clarke and
Elliott 1998; Haynes 2016) (Fig. 1). Leorri et al. (2018) showed
that the age and reactivity of saltmarsh soil OM varies with
saltmarsh typology, and catchment geomorphology. At SK,
there may be fossil/petrogenic contamination from the sedi-
mentary rock in the catchment, historic coal mines, a nearby
oil refinery at Grangemouth, and/or unloading of shipped coal
at the former Longgannet power station on the opposite side
of the estuary (Miller et al. 2023). Any of these OC sources
would be 'C dead and cause the soil '*C content to be
depleted. There is likely also aged allochthonous carbon trans-
ported from the catchment which has experienced extensive
land use change and landscape degradation (Hansom and
McGlashan 2004; Miller et al. 2023) facilitating the transport
of deep soils (e.g., from drainage of peatland for agriculture) to
the site where they are trapped by vegetation and accumu-
lated into the saltmarsh soil. The '*C contents were more
enriched for KoT and LL than SK (Fig. 3A), suggesting that
KoT and LL are more reliant on young OM inputs for building
their soil carbon pools, whereas SK is more reliant on aged
OM inputs. The sample '*C signatures (Supporting Informa-
tion Table S2) are within the range of typical organic sources

556

Carbon cycling in saltmarsh soils

accumulating in saltmarsh soils (Leng et al. 2006; Leng and
Lewis 2017).

Intersite differences in CO, *C content respired from
ambient temperature incubations

Almost all the respired CO, samples from KoT and LL had
>100 %Modern *C contents, indicating that they were iso-
lated from the atmosphere post-bomb (Table 2; Fig. 3B). As
atmospheric '*C concentrations are currently ca. 99.7 %Mod-
ern, the KoT T2 0.5 cm depth sample may either be post-or
pre-bomb (Table 2). All other samples lie outside of this range
(Table 2). Opposing both KoT and LL, the mean CO, '*C con-
tents for the SK samples at each depth increment were <100 %
Modern, with no post-bomb samples (Table 2; Fig. 3B). As
all autochthonous OM in the SK samples was likely isolated
from the atmosphere after the bomb !*C peak (Miller
et al. 2023), any pre-bomb '*C signatures can be assumed to
be of either predominantly allochthonous origin, or
redeposited autochthonous OM eroded from soils within
the site.

The SK CO, 17.5 cm depth samples had very different '*C
contents (94.86 %Modern, 36.13 %Modern and 28.25 %Mod-
ern). Two of these samples had extremely enriched stable car-
bon (**C) signatures (—6.1%o0 and —3.7%o) relative to all other
samples (—20%o0 to —27%o) (Supporting Information
Table S3). As with the bulk soil samples discussed previously,
there could also be '*C-dead sources included in these soils
such as coal or sedimentary rocks depleting these signatures.
Despite petrogenic OM being regularly assumed to be resistant
to remineralization (Chew and Gallagher 2018; Li et al. 2021),
it was recently observed in an OM limited, high-Arctic fjord
that that it can be used by microbial organisms (Ruben
et al. 2023). Similarly, it has been reported that microbes can
use OM from terrestrial shales, which are found in the SK
catchment (Petsch et al. 2001; Miller et al. 2023). However,
this does not imply that petrogenic OM is additional in terms
of climate regulation. Remineralization rates of petrogenic OM
are also likely to be slow, with minimal GHG emissions over
the next century, despite observed remineralization in some
studies (Petsch et al. 2001; Ruben et al. 2023). We dismiss
petrogenic origin as the predominant source for the two
extremely aged SK CO, samples as these sources would be
expected to have '3C signatures vastly depleted relative to
those reported in this study (Supporting Information
Table S3) (Ruben et al. 2023). Instead, we propose that these
two outlying CO, samples were released from aged carbon-
ates in the incubated soil (see Methods) which would have
enriched '3C signatures (Ramnarine et al. 2012; Brand
et al. 2014).

Aside from these two samples, the remainder of the pre-
dominantly aged OM respired from SK have '3C signatures
within the typical range of OC sources reported in the litera-
ture (Supporting Information Tables S4, S5) (Leng et al. 2006;
Leng and Lewis 2017). Despite a potentially inorganic source
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for two of the SK samples, which we would not consider to be
additional due to uncertainty of the net climate effect of inor-
ganic carbon formation and dissolution in BCEs (Santos
et al. 2021; Van Dam et al. 2021), the remaining seven are
likely of organic provenance and provide evidence for the res-
piration of predominantly aged OM.

In low-oxygen environments such as saltmarshes, the bio-
availability of OM is determined both by the lability of the
OM substrate, and thermodynamic favorability of the terminal
electron acceptor (Gunina and Kuzyakov 2022; Noyce
et al. 2023). As oxygen is a thermodynamically favorable ter-
minal electron acceptor, if its availability increases, previously
stable OM can become vulnerable to respiration (Spivak
et al. 2019; Gunina and Kuzyakov 2022; Noyce et al. 2023).
This process may have caused the respiration of aged, previ-
ously stable OM from the SK incubations (Fig. 3B).

Thus, we provide evidence for the importance of saltmarsh
environments as stores of aged, reactive OM which may be
vulnerable to remineralization upon a change in environmen-
tal conditions. We did not compare these aerobic incubations
to “in situ” conditions so our interpretations with respect to
the additionality of aged OM assume that the rate of OM
remineralization is lower in “in situ” conditions than in this
set of aerobic incubations, which simulate a potential degrada-
tion scenario. In wetland soils, aerobic respiration of OM is a
more efficient process than anaerobic respiration (Chapman
et al. 2019; Spivak et al. 2019).

Respiration of young OC over aged OC

Laboratory incubations confine the potential C sources to
the soil in the incubation chamber, limiting atmospheric con-
tamination which is a risk from field-based CO, collection.
This facilitates the direct comparison of the '*C content in the
bulk soil and evolved CO, from these incubations (Fig. 4)
(Briones et al. 2010). The switch from the mostly pre-bomb
4C content of the KoT and LL soils (Fig. 3A) to the mostly
post-bomb !*C content of the ambiently respired CO,
(Fig. 3B) indicates that at these two sites, young OC is prefer-
entially respired over aged OC. For KoT and LL, as the bulk
soil samples are close to 100 %Modern '*C and are potentially
a mix of pre- and post-bomb C, with the latter varying consid-
erably in '*C content over a few decades, there could be sce-
narios where different aged material to the bulk soil are
respired but result in no significant overall change in the '*C
content. Despite the SK CO, samples being considerably
depleted in '*C relative to KoT and LL (Fig. 3B), they are sig-
nificantly enriched in '*C relative to the bulk soil (Fig. 4). This
clearly demonstrates that for this set of experiments, young
OM is preferentially respired over aged OM. Despite this, the
pre-bomb 4C content of the respired CO; from SK indicates
that aged OC is respired from these soils.

Published literature on carbon cycling in saltmarshes have
found that young OM is remineralized at a faster rate than
aged OM, and the latter contributes disproportionately to
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long-term storage (Leorri et al. 2018; Van de Broek et al. 2018;
Komada et al. 2022). This is generally attributed to the bio-
availability of different OM sources, with young OM consid-
ered to be more labile than old OM which is often
allochthonous in origin and mineral associated, increasing its
stability (Komada et al. 2022). Research on terrestrial soils has
shown that all OM is degradable but at varying rates
(Lehmann and Kleber 2015). In agreement with this literature,
we show that young OM is preferentially respired over aged
OM but that the latter is also vulnerable to remineralization in
oxic conditions.

Verified Carbon Standard projects work on much longer
timescales (decadal) than this set of incubation experiments
(ca. 14-30d). Carbon budgets should account for all GHG
emissions within project timescales (VERRA 2023), and it is
therefore possible that less reactive, aged OM would be
increasingly respired throughout project timescales as young,
more bioavailable sources become depleted (Lehmann and
Kleber 2015). Thus, despite predominantly young OM being
respired from KoT and LL (Fig. 3B), this does not rule out the
possibility of aged OM being respired in a longer-term incuba-
tion. However, an increasing proportion of aged OM to
respired GHGs does not mean that aged OM is having an
increasing impact on the stability of the long-term OM pool,
as respiration rates may be slower than when younger OM
was the predominant source. Therefore, as the incubations
were relatively short-term (ca. 14-30d), it is unlikely that
there was a complete depletion of any single OC source from
these soils. Under in-situ conditions there may be temporal
changes in the source of OC respired which cannot be
accounted for in these experiments. For example, variable
temperatures experienced by the saltmarshes in-situ condi-
tions may cause a rate shift in the source of OC respired, and
this may be exacerbated by climate change (McTigue
et al. 2021). Additional factors such as the pulsing of seawater
can alter OC protection mechanisms and cause a change in
the source of OC respired (Spivak et al. 2019).

Potential changes in the age of OC respired at elevated
temperatures

Our study aimed to determine whether the lack of signifi-
cant change in CO, flux rates between the incubation temper-
ature treatments (Fig. 2) corresponded to a change in the OM
source respired. Due to the carbon-quality temperature (CQT)
hypothesis which states that at elevated temperatures, more
chemically complex OM is respired over chemically simple
OM (McTigue et al. 2021), we proposed that the evolved
CO, would be *C depleted (older) at the elevated tempera-
ture incubation relative to the ambient temperature incuba-
tion. No significant differences were found, although the
CO, respired at the elevated temperature was generally
slightly '*C depleted relative to the CO, respired at the
ambient temperature.
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As the soils are potentially a mix of pre- and post-bomb C,
with the latter varying substantially in '*C content over a few
decades, there could be scenarios where different aged mate-
rial responds differently to temperature, but which results in
no significant overall change in the '*CO,. Acknowledging
this limitation, as there are no significant differences observed,
we conclude that elevated temperature does not cause a
change in the source of the respired CO, from this set of incu-
bation experiments. This is supported by no significant
changes in '3C content (Supporting Information Tables S4,
S5). These are the first data to empirically test the potential
impact of temperature on the OM source respired.

Implications of these data for blue carbon additionality

The sources of OM stored in saltmarsh soils can be variable
in age and reactivity. Van de Broek et al. (2018) used soil *C
fractionation to demonstrate that the long-term (centennial)
OC store of a saltmarsh in Belgium was driven by pre-aged,
allochthonous inputs and that autochthonous OM was
remineralized over decadal timescales. These authors also
demonstrated that the age of the allochthonous OM deposited
on the saltmarsh surface varied seasonally with greater estua-
rine phytoplankton productivity in summer months causing
younger allochthonous OM to be deposited on the marsh sur-
face (Van de Broek et al. 2018). They found that the young, allo-
chthonous OM deposited on the marsh surface during summer
months was not observed downcore, indicating that the aged,
allochthonous OM was driving the long-term OC store. Simi-
larly, Komada et al. (2022) and Mueller et al. (2019) highlighted
that aged, recalcitrant OM was remineralized at a slower rate
than young, labile OM from minerogenic saltmarshes in Califor-
nia (USA), and the Wadden Sea (Germany), respectively. Both
studies showed that the aged OM contributed disproportion-
ately to the long-term OC store. While allochthonous OM can
be variable in both age and reactivity, our results highlight the
importance of allochthonous sources of aged OM to long-term
OC storage in saltmarsh soils, with important implications for
additionality.

Recently published radiometric carbon accumulation rates
for SK, “date” the marsh formation to ca. 1931, so autochtho-
nous OM isolated from the atmosphere when the marsh
formed would have a pre-bomb (pre-1955) *C content (Miller
et al. 2023). We assume that the cores analyzed in both this
study and Miller et al. (2023) will have roughly similar sedi-
ment accumulation rates. Thus, autochthonous saltmarsh OM
eroded from creekbanks and re-deposited on the marsh surface
could contribute pre-bomb, autochthonous OM, as observed
by Luk et al. (2021). Atmospheric '*C contents in 1931 were
ca. 98 %Modern (http://calib.org/CALIBomb/), which is
greater than the '*C content of all but two SK CO, samples
evolved from the ambient temperature incubation (Table 2).
Therefore, we infer that a portion of the CO, respired from SK
was aged and allochthonous in origin as it was likely isolated
from the atmosphere prior to the marsh forming at this site.
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Due to the rapid sediment accumulation rates (Miller
et al. 2023) and depleted bulk soil '*C content of SK (Fig. 3A),
we assume that allochthonous inputs to this site are relatively
high. The OM transported through estuarine systems and
deposited on saltmarshes can have variable reactivity and age,
which may provide an explanation as to why aged CO, was
respired from this set of aerobic incubations (Canuel and
Hardison 2016; Van de Broek et al. 2018; Huang et al. 2023).
As predominantly pre-bomb CO, was respired from SK (estua-
rine saltmarsh), but predominantly post-bomb CO, was
respired from KoT and LL (loch-head saltmarshes), it is possi-
ble that saltmarsh typology impacts the carbon cycling in
these soils. It is also likely that this is caused by a greater diver-
sity of OC sources accumulating in the SK marsh, as estuarine
settings are known to transport OM of a range of ages and
reactivities.

Allochthonous OM can be young (post-bomb) and labile,
especially during summer months (when the cores for this
study were taken) due to phytoplankton productivity
(Middelburg et al. 1997; Boschker et al. 1999; Van de Broek
et al. 2018). Therefore, we cannot interpret whether the post-
bomb CO, respired from KoT and LL is predominantly
autochthonous or allochthonous in origin. Instead, we infer
that the source of CO, respired likely depends on the reactiv-
ity of the OM, and that OM reactivity decreases with age. Fur-
ther research on the role of intrinsic molecular reactivity,
protection mechanisms such as mineral association for the
preservation of OM sources, and the effects of disturbances on
OM dynamics in BCEs is required to better constrain blue car-
bon additionality.

SK (estuarine, high sediment supply) has rapid carbon accu-
mulation rates relative to other saltmarshes in Scotland (Miller
et al. 2023). This suggests that projects for blue carbon gains
should be targeted towards estuarine saltmarshes with a high
sediment supply in order to generate the greatest carbon
additionality. The bulk soil *C contents presented in this
study (Fig. 3A) highlight that a large proportion of the SK
OC is likely pre-aged and potentially allochthonous in ori-
gin. This study did not quantify mineral association so we
cannot provide insight as to whether this aged OC would
be deducted under current VERRA Verified Carbon Stan-
dard guidelines (Needelman et al. 2018; VERRA 2023).
Despite this, the results presented in this study also show
that an inferred aged, allochthonous source of OC was
remineralized from SK soils when incubated in oxic condi-
tions (Fig. 3B) and provide evidence that management
interventions that prevent this from occurring may warrant
its treatment as additional carbon, in line with IPCC guide-
lines (IPCC 2014). Management interventions for this may
include activities such as blocking drainage ditches to ele-
vate the water table and maintain saturated, anoxic condi-
tions (Haynes 2016). Thus, this study provides evidence for
the additionality of some fraction of aged, allochthonous
OM accumulating in saltmarshes.
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