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Salt marsh litter decomposition varies
more by litter type than by extent
of sea-level inundation
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Salt marshes are among the most efficient blue carbon sinks worldwide. The fate of this carbon is
uncertain due to limited knowledge about organic matter (OM) decomposition processes under sea-
level rise. In an in-situ manipulative experiment, we compared salt marsh OM decomposition and
quality across simulated sea-level scenarios (by modifying the inundation) and litter types (absorptive
root, fine transportive root, leaves, and rhizomes of Halimione portulacoide) for 170 days. The litter
decomposition varied only between the inundation treatments with the longest and shortest durations,
while the decomposition differed significantly across litter types, with absorptive roots releasing up to
40% less carbon than other litters. Changes in lignin composition were minimal for absorptive roots
and were unaffected by sea-level rise scenarios. Our study suggests that (i) current projections of sea-
level rise are unlikely to decrease litter decomposition; (ii) separating litter types might lead to better

assessments of salt marshes’ OM dynamics.

Salt marshes are part of blue carbon (C) ecosystems', holding up to
1350 Tg C. Each year, they bury ~200gCm> which is one order of
magnitude greater than terrestrial forests'. A salt marsh C sink is largely a
balance between primary production and the decomposition of auto-
chthonous plant litters, as well as the inputs of C from allochthonous sources
(especially in mineral salt marshes)*. Those processes strongly depend on
environmental conditions, e.g., inundation duration’. It has not yet been fully
resolved as to whether salt marshes will continue to act equally as a C sink
and store following accelerated sea-level rise (SLR) and climate change™™.
SLR might increase the inundation duration and frequency, as well as induce
coastal erosion’. Inundation might reduce OM degradation due to oxygen
limitations, higher sulphate availability or changes in plant root activity'*™".
Yet, in salt marshes and mangroves, a decrease in inundation duration had
contrasting impacts on the belowground organic matter (OM) decomposi-
tion rate, with varying results: either a drastic increase (up to tenfold*"), no
effect at all or a decrease in the belowground OM decomposition'*'*"**. Thus,
the effect of inundation can vary and is probably influenced by the chemical
composition of the OM types deposited in these environments.
Decomposition rates and their controls are currently drawn mostly
from aboveground litter in coastal wetlands'. Yet, root may be a major

source of OM (up to 70%) accumulated in salt marshes®. To the best of our
knowledge, there are no biomass estimates for the various root functional
types for salt marshes, likely because the root dynamics (production,
decomposition, mortality) have not been considered to be different across
root functional types. However, belowground material such as rhizomes,
fine absorptive and fine transportive roots might have contrasting decom-
position rates in salt marshes, as observed across terrestrial ecosystems and
mangroves” . These types of OM may have a contrasting composition due
to functional differences. For example, the finest distal roots (order 1-2-3)
absorb water and nutrients, and fine roots of higher orders (order 4)
transport those components™. Like leaves, fine absorptive roots (order 1-2-
3) have a relatively low carbon-to-nitrogen (C:N) ratio and were previously
thought to decompose faster than fine transportive roots in terrestrial
ecosystems™. However, studies from terrestrial and mangrove ecosystems
have shown that fine absorptive roots were the slowest to decompose”**~*°,
These results highlight the need for a better understanding of the decom-
position dynamics across plant tissues in salt marshes, especially under
accelerated SLR scenarios.

The decomposition rates of litter in coastal wetlands are often
forecasted using the C:N ratio or N content of the litter. The loss of

"lfremer, LITTORAL, La Tremblade, France. ?School of Geography, Earth and Environmental Sciences, University of Birmingham, Edgbaston, Birmingham, UK.
8CNRS, Sorbonne Université, INRAE, IRD, Institut of Ecology and Environmental Sciences (IEES), Paris, France. ‘“Department of Ecology and Evolutionary Biology,
University of Tennessee, Knoxville, TN, USA. °Réserve naturelle nationale de Lilleau des Niges & Ligue pour la protection des oiseaux, Les Portes en Ré, France.

e-mail: m.arnaudd@gmail.com

Communications Earth & Environment| (2024)5:686


http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01855-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01855-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01855-0&domain=pdf
http://orcid.org/0000-0003-4001-6499
http://orcid.org/0000-0003-4001-6499
http://orcid.org/0000-0003-4001-6499
http://orcid.org/0000-0003-4001-6499
http://orcid.org/0000-0003-4001-6499
http://orcid.org/0000-0003-2131-9451
http://orcid.org/0000-0003-2131-9451
http://orcid.org/0000-0003-2131-9451
http://orcid.org/0000-0003-2131-9451
http://orcid.org/0000-0003-2131-9451
mailto:m.arnaudd@gmail.com
www.nature.com/commsenv

https://doi.org/10.1038/s43247-024-01855-0

Article

both C and N is also widely reported after decomposition, and analyses of
stable isotope composition and lignin ratios (lignin-to-polysaccharide
(LigPS) and lignin monomer ratios) are emerging as valuables approa-
ches to assess the degree of plant material decomposition”"". In parti-
cular, the evaluation of lignin ratios has been used to assess soil OM
degradation in coastal wetlands™. This method hinges on the differential
degradation rates of the various lignin types. The use of different lignin
monomers has also proven effective in evaluating the decomposition of
bulk soil OM, given the discernible selective degradation of the syringyl
units (monomer: Lig$S) in contrast to the guaiacyl units (monomer: LigG)
during the decomposition of OM in coastal wetland soils™. These ratios
can be supplemented by measurements of the detrital stable C and N
isotope signatures. While some research has shown minimal isotopic
fractionation during decomposition (<1%o over 28-168 days), others
have demonstrated more pronounced variations (>4%o) in §"°N and/or
8”C”7. These contrasting outcomes underscore the critical need for an
enhanced understanding of the complex interplay between plant
decomposition dynamics, as well as isotope signatures and lignin ratios
across environmental conditions in diverse coastal ecosystems.

We focused on the impact of accelerated SLR represented by the inun-
dation duration and frequency on the decomposition of leaf litter and con-
trasting root functional types, which are the main contributors to blue carbon
accumulating in salt marshes*. To this end, we conducted an in-situ meso-
cosm experiment with five different levels of inundation to investigate the
degradation of different plant tissue types (hereafter referred to as litter type)
under contrasting inundation levels. We used plant tissues of the shrubby C;
halophyte Halimione portulacoides (L. Allen, also named Atriplex portula-
coides), which is widespread on salt marshes along the coasts of Europe, North
Africa and South-West Asia®, but which has received relatively little attention
compared to species from the Spartina genus'”. Leaves, two functional root
types, and rhizomes were exposed in litterbags for 170 days.

We had three research questions:

1. How do changes in inundation (associated with SLR) affect the
decomposition rates of leaves, fine absorptive roots, fine transportive
roots and rhizomes?

2. Do the decomposition rates differ among leaves, fine absorptive roots,
fine transportive roots and rhizomes?

3. How do the litter types and inundation modify the loss of C and N, as
well as the chemical and isotopic composition of the decomposing
plant-derived OM?

Here, we show that leaves decompose faster than roots, and that fine
absorptive roots decompose the slowest. We further show that inundation
and litter types did not interact to control the decomposition rate and
chemical composition of the plant-derived OM. For the comparison of litter
types mass loss and chemistry, we used a recommended pooling method™ to
avoid bias due to plant location, which might have reduced the variability
between replicate of each litter type. As we intended to test the influence of
the edaphic environment (inundation), the incubated litter should be as
homogenous as possible.

Results

Environmental conditions and litter chemistry before exposure
Large variations in the environmental conditions were measured across our
inundation treatments (Table 1). The shortest inundation duration (2% and
0.5 h d™' for SL-40) was 1/20th the size of the largest one (43%and 10.3h d "
for SLR100) during the measurement period (Table 1). The C content was
similar across the root and rhizome litters, ranging between 43.5% in fine
absorptive roots and 45.5% in rhizomes and was the lowest in leaves (31.3%)
(Table 2). The highest N concentration was recorded for fine absorptive
roots (1.80%), followed by fine transportive roots (1.69%), leaves (1.41%)
and rhizomes (0.87%, Table 2). The initial C:N ratio was the lowest in leaves
(22.3) and fine absorptive roots (24.2), followed by fine transportive roots
(26.0) and rhizomes (52.4, Table 2). The §"C value ranged from —26 to
—25.3%o0, and 8 N was between 4.8 and 10. 3%o, with the most enriched

Table 1 | Environmental conditions across our inundation
treatments from the least inundated (SL-40) to the most
inundated (SLR100)

Volumetric water Inundation Inundation
content® (%) duration® (%) duration? (hd ™)
SL-40 443 2 0.5
SLI 50.1 8 1.8
SLR30 51.8 14 3.4
SLR60 52.2 22 5.4
SLR100 53 43 10.3

SLlis the mean altitude of our site. SLR30 is the simulated SLR under SSP1-2.6. SLI60 is the
simulated SLR under SSP3-7. SLR100 is the simulated SLR above predictions, and SL-40
represents a lower level of inundation than the mean inundation of our site. Please see Methods
section for more information.

“measured on four random dates across all mesocosms and measured as volumetric water content
in a cylinder of sediment of 3 cm in diameter and 6 cm in length, n = 100.

Pmeasured at the marsh organ between May 4, 2021 and October 20, 2021. hd™ is hour per day.

8"C in leaves and the most depleted §"C in fine transportive roots. The
Lig:PS proxy was approximately 2.5 times higher in rhizomes (2.66) than in
fine absorptive roots (1.07) and roughly 1.5 times lower in fine transportive
roots than in rhizomes (1.61, Table 2). The LigG:LigS proxy was the highest
in fine absorptive roots (2.09), followed by fine transportive roots and rhi-
zomes (Table 2). The lignin proxies were not calculated for the leaves
because their lignin content was too low.

Mass loss across treatments

During the experiment, the mass loss ranged from 22% to 52%. Based on
pooled samples, the mass loss was significantly different across the litter
types (P<0.001; Fig. 1; Table 3). Fine absorptive roots had the lowest
median mass loss (22%), followed by rhizomes (24%), fine transportive
roots (30%) and leaves (52%) (Supplementary Table 1). Fine absorptive
roots decomposed ~60% slower than leaves (P < 0.001), ~30% slower than
fine transportive roots (P<0.001), and ~10% slower than rhizomes
(P=0.002), based on pooled samples. The litter decomposition rate was
significantly different only between the longest (SLR100) and shortest
inundation duration (SL-40) (P < 0.01; Table 3). All of the other inundation
treatments were not statistically different (all pairs of samples P> 0.05;
Table 3). The longest inundation duration treatment (SLR100) had the
lowest mass loss (24 %; Supplementary Table 1). The shortest inundation
duration treatment (SL-40) had the highest mass loss (31%) (Supplementary
Table 1). The litter types and inundation treatment did not interact sig-
nificantly to affect the litter decomposition rate (P = 0.85; Table 3). When
treated as a continuous variable, the inundation treatment (as h d) was not
linearly related to the mass loss (r* = 0.005; p = 0.5).

Products and proxies from the pyrolysis analysis

We identified several pyrolysis products in all the litter types, originating
from lignin, lipids, polysaccharides and N-containing compounds (Sup-
plementary Table 2). The data are based on triplicate analyses of each pooled
sample of the litter type, which might have reduced the variability within
each litter type.

The principal component analysis (PCA) of the relative areas
obtained with pyrolysis-GC/MS revealed two distinct groups of pyrolysis
products: A and B. Group A products originated from lipids (aliphatics)
and group B originated from lignin-derived products (LigG, LigS),
polysaccharide-derived products and non-specific phenols. There was a
good discrimination between the leaves (on the left) and the roots/rhi-
zomes litter (on the right) on the two first axes of the PCA. The leaves
were correlated with the group A pyrolysis products, indicating high
contents and proportions of aliphatics compared to the other samples.
The roots/rhizomes were correlated to the group B products, indicating a
mixture of molecules, including lignin G, lignin S, polysaccharides,
N-containing compounds and phenols.
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Table 2] Initial elemental content and chemical decomposition indicators across the root functional types before field exposure
of Halimione portulacoides

C (%) N (%) C:N §"°C (%o) &N (%o) Lig:PS LigG:LigS
proxy proxy
Fine absorptive roots 43.5 1.80 242 —-25.7 6.3 2.09 1.07
Fine transportive roots 44.0 1.69 26.0 —26 4.8 1.32 1.61
Rhizomes 45.5 0.87 52.4 -25.6 8.1 0.68 2.66
Leaves 31.3 1.41 22.3 -25.3 10.3 n.a n.a

The data are based on triplicate analyses of each pooled sample of the litter type, which might have reduced the variability within each litter type and precluded firm conclusions about the results. C is the
carbon concentration, N is the nitrogen concentration, LigG:LigS is the ratio of guaiacyl lignin on syringyl, and Lig:PS is the ratio of total lignin on polysaccharide calculated with the pyrolysis. All are
expressed as the mean for LigG:LigS and Lig:PS only. Leaves had too little lignin, and therefore the LigG:LigS and Lig:PS ratio could not be calculated.

Fig. 1 | Response of the litter mass loss of Hali- A B
mione portulacoides to inundation regimes and a b a
litter types. Response of the litter mass loss (%) to 50 ¢
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displayed, and different letters are used for each
treatment (Table 3). The litter mass loss for each
litter type is based on pooled litters from different
locations, which might have reduced the variability
across replicates.

Table 3 | Statistical results on the percentage change mass, carbon and nitrogen masses, as well as percentage change in §'°C,
6N and both lignin ratios across the litter types and degree of inundation

Mass loss Cc N 8°C 8N  Lig:PS proxy LigG:LigS

proxy

OM type <0.01 <0.01 <0.01 <0.01 0.1 <0.01 <0.01

Inund. 0.02 <0.01 <0.01 0.19 0.64 0.27 0.68

OM:Inund. 0.85 0.36 0.7 0.78 095 na na

Pairwise P <0.05 for all P <0.05 for all P < 0.05 for all combinations, P <0.05 for L na P <0.05 for all P <0.05 for RT

comparison combination combinations, except RZ  except RZ vs RA; RT vs L vs. RA; Lvs RT; combinati-on vs. RA; RZvs RT

between litter types vs RA; RTvs L Lvs RZ

Pairwise P <0.05 for P <0.05 for combination P <0.05 for combination SLI- na na na na

comparison combination SLR30vs SLIand SLR30 40 vs SLR100, SLI-40 vs

between SLR100 vs. SLI-40 vs. SLI-40 SLR60 and SLI-40 vs. SLR30

inundation

The effects of litter types, inundation treatment and their interaction for the other variables (C, N, §13C, 615N, Lig:PS, LigS:LigG) were analysed using Kruskal-Wallis tests. Post-hoc pairwise comparisons
were conducted using Dunn tests. SLR100 was the most inundated treatment, SLI was the initial inundation condition and SL-40 was the least inundated treatment, see section Materials and Methods 2.1.
For all variables, n = 60, except for mass loss (n = 100) and for Lig:PS and LigG:LigS (n = 45). Inund is the inundation treatment, C is carbon, N is nitrogen, Lig:PS is the lignin-to-polysaccharide ratio,
LigG:LigS is the ratio between the guaiacyl units/syringyl units, RA stands for fine absorptive roots; RT indicates fine transportive roots; RZ stands for rhizomes; L stands for leaves. Refer to Table 1 for the
level of inundation. The statistical results per litter type are based on replicate made of pooled litters from different locations, which might have reduced the variability across the replicates.

Change of elemental composition, stable C and N isotope com-
position, and lignin ratios
The changes in C and N mass, and in the §"°C, §"°N and lignin parameters

between the initial and litter exposed for 170 d for all chemical and isotopic
variables. Highest C and N mass loss was recorded for leaves (C=29%;
N =48%), while fine absorptive roots showed the lowest loss. Fine absorp-

during decomposition, were mostly different across the litter types (P < 0.01,
except for 8'N; Table 3, based on pooled litters from different locations that
might have reduced the variability across replicates), but mostly similar
across the inundation gradient. There was no significant interactive effect
between the litter types and inundation gradient for any of the parameters
mentioned above (all P> 0.36). Hereafter, we report the median value

tive roots showed 50% less C loss, and 65% less N loss than leaves (Sup-
plementary Table 1; Fig. 2). The differences in the C and N mass changes
were significant between (i) leaves and fine absorptive roots, (ii) leaves and
rhizomes, and (iii) fine absorptive roots and transportive roots, which lost
36% less C and 60% less N than absorptive roots (all P < 0.01; Table 3; Fig. 2;
based on pooled samples). The percent change in §"°C, Lig:PS and LigG:LigS
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Fig. 2 | Carbon and Nitrogen mass loss, as well as
the change in §°C and §"N across the litter types
of Halimione portulacoides. Carbon (A) and
Nitrogen (B) mass loss (in %), as well as the change
in §"C (C) and §"N (D) across the litter types for
Halimione portulacoides over the 170-day mea-
surement period. Thick bars indicate the sample
medians; the box ends indicate the upper and lower
quartiles; the box whiskers extend to the maxima
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Fig. 3 | Changes in the lignin-to-polysaccharide
ratio and lignin guaiacyl-to-syringyl ratio across
the litter types for Halimione portulacoides.
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between the initial and exposed litter varied across the litter types (all
P<0.01), but not across the inundation gradient (all P>0.27;
Table 3; Fig. 2).

Indeed, the percentage change in §"C value decreased by 9% for the
leaves but varied by less than 0.3% for the other litter types. The percentage
change in §”C was significant only between the leaves and the other litter
types (P < 0.05; Table 3). The percentage change in §°N did not differ sig-
nificantly across the litter types (P = 0.1). The change of Lig:PS between the
initial and exposed litter was different across all belowground litter types
(P <0.05) and ranged between —148% for fine transportive roots, —24% for
fine absorptive roots and —2% for rhizomes (Supplementary Table 1; Fig. 3).
The difference in LigG:LigS between the initial and exposed litter varied
significantly across the litter types (P <0.05) ranging from 26% for fine
transportive roots, 9% for fine absorptive roots and 7% for rhizomes. Yet, only
the fine transportive roots were different from other litter types for LigG:LigS
(P <0.05). The difference in LigG:LigS between the initial and exposed litter
was not significant across the inundation treatments (P = 0.68; Table 3).

Discussion

Effect of litter type on the belowground OM decomposition rates
Our results indicated that leaves decomposed the fastest, whereas fine
absorptive roots exhibited the slowest decomposition, consistent with the
findings reported for terrestrial woody plants and mangroves*****”. Fine

absorptive roots have been shown to decompose up to three times slower
than leaves™, and from 10 to 150% slower than fine transportive roots
depending on the species and incubation times™*. Thus, the difference in
decomposition between fine absorptive and fine transportive roots in our
experiment (30%) is within the range of the few reported values™**”. Our
results showed that the decomposition rate of fine absorptive roots (~21%
mass loss) and fine transport roots (30% mass loss) fell within the range of
values reported for a mangrove, where fine absorptive roots lost 16 to 23% of
their mass after 183 days, while fine transportive roots lost 22-33% of their
mass after 183 days™. Similar results were also recorded in terrestrial
forests™**”. We could not compare our results to other salt marshes,
because to our knowledge there are no other studies on root decomposition
across functional type. Our results are nevertheless in accordance with
previous findings showing that the above-ground organs of salt marsh
plants decay faster than bulk roots®. Our data indicate that the litter types
strongly controlled the OM decomposition rates, most probably due to their
contrasting chemical composition. Traditionally, C:N ratios and N con-
centrations were used to predict the aboveground OM decomposition rate™
and are believed to control OM decomposition in salt marshes'®. Yet, our
study showed that fine absorptive roots had a low C:N ratio and a high N
content like leaves but decomposed the slowest. The slower decomposition
of fine absorptive roots compared to leaves could be attributed to the (high)
lignin content of roots™, which is known to be more recalcitrant and difficult
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to decompose under anaerobic conditions®, whereas leaves are almost lig-
nin free. The lipids are believed to be more preserved than lignin under
anaerobic conditions®, which contrasts with our finding that leaves
decomposed the fastest, despite being mostly composed of lipids. Our results
indicated contradictory results as the highest lignin/polysaccharide (Lig:PS
proxy) ratio was recorded for rhizomes, followed by fine transportive roots
and fine absorptive roots, although transportive roots showed the highest
degradation rate. These differences might be related to the lignin compo-
sition, as the guaiacyl/syringyl lignin ratio (LigG:LigS proxy) was associated
with the lower decomposition rate of fine absorptive roots compared to
rhizomes and fine transportive roots. Fine absorptive roots showed the
highest LigG:LigS proxy indicating a higher proportion of more stable
guaiacyl units. Guaiacyl lignin has been shown to degrade more slowly than
syringyl lignin due to its higher proportion of resistant dimer C-C bindings
and to its localization in the inner part of the lignin structure’. Our results
are in agreement with previous studies in terrestrial environments showing
that the chemical composition of lignin might be a more robust predictor of
OM decomposition rates than total lignin*'.

Molecular composition, isotopic ratio and lignin ratio changes
after exposure

The loss of C and N relative to their initial masses were the highest in leaves
and fine transportive roots, and lowest in fine absorptive roots. Our results
contrast with the assumption that (1) leaf decomposition can be extra-
polated for all litter types in blue C ecosystems'”, and (2) belowground litter
represents a homogeneous group for decomposition studies in salt marshes.
The differences between fine absorptive roots, leaves and fine transportive
roots are similar to those reported in terrestrial ecosystems™”’, and suggest
that a similar pattern may occur, as observed in other blue C ecosystems,
such as mangroves™.This implies that extrapolating litter decomposition
from one single type of litter, often done with leaves as they are easier to
collect, might not be representative of the overall bulk soil litter decom-
position. Therefore, to accurately quantify the litter inputs to humus that are
part of the soil C stock, each litter type’s production, mortality, and
decomposition should be quantified.

The Lig:PS proxy strongly increased upon the decomposition of fine
transportive roots and, to a lesser extent, of rhizome and fine absorptive
roots. This indicates an increase in the lignin concentration of the litter
during decomposition, consistent with findings for litter decomposition in
terrestrial environments’'. We also found a marked depletion in §“C for
leaves, indicating large plant tissue degradation, as previously observed™,
but no shift for the other litter types. This was in accordance with our results
showing that leaves had the highest decomposition rate and fine absorptive
and fine transportive roots had the highest increase in the Lig:PS ratio. Labile
compounds, such as polysaccharides, are enriched in ’C while lignins are
depleted”. Therefore, an increase in the Lig:PS ratio should correspond to an
BC enrichment of the §°C. Indeed, §"C was well correlated to the
decomposition rate, in contrast to 8N, where no clear shift occurred across
all our litter types, as previously reported™.

It is worthwhile to note that our findings on litter mass loss and
chemistry across different types of litter, as well as findings from other
studies, are often based on replicates made from pooled litters from different
individuals. The use of standardized or pooled litter has been recommended

to limit any bias due to litter quality as confounding factor™*.

Effect of inundation on the belowground OM decomposition rate
The effect of inundation on OM decomposition in our marsh organ
experiment was small (Fig. 1) and similar to what has been previously
reported in other salt marshes'®”***. We observed a slight significant
increase in the OM decomposition rate with a decrease in the inundation
duration, which was only statistically significant between the most and least
inundated treatments (Fig. 1, Table 3). The increase in the OM decom-
position rate in the least inundated treatment might be linked to a longer
exposure of the soil surface to the atmosphere*** since this treatment was
inundated only during the spring tide. It is interesting to note that the mean

inundation levels did not show any significant differences with the extreme
treatments, indicating that the predicted accelerated SLR scenarios under
those conditions might not affect the decomposition of litters. The predicted
accelerated SLR might nevertheless induce a loss of OM through indirect
effect, such as salt marsh sediment losses by erosion, which could otherwise
retain OM’. The effect of inundation on the decomposition rate was similar
across the root functional types, which were found to be almost insensitive to
the inundation duration, as observed in a mangrove®. Our results imply
that, with predicted SLR, elevation gain through carbon accrual” is unlikely
due to alack of modified rates of litter decomposition. A potential elevation
gain and resistance of the studied salt marsh to SLR may therefore be
restricted to other factors, such as an increase of sediment accretion, or to
factors leading to an increase in organic matter accumulation, such as an
increase in root production and life-expectancy, or a shift of C allocation to
root functional types decomposing at a slower rate (ie., fine absorptive
roots)”™*. If mangroves allocate more carbon to fine absorptive roots, these
roots will constitute a larger proportion of the total litter. Since fine
absorptive roots decay slowly, their relative dominance in the litter will result
in a slower overall decay rate, regardless of the level of inundation. Organic
salt marsh sediments include a large portion of dead root materials; there-
fore, an alteration of root production and decomposition will dis-
proportionally modify their soil surface elevations and resilience to SLR™. In
salt marshes with more mineral soils, like in our site, the current elevation
change is dominated by sediment inputs’’, but a change in soil surface
elevation might occur if root production and decay are altered, notably
under global changes™, such accelerated SLR**”".

Implications for carbon budgets

The litter decomposition rate and its control in blue C ecosystems are often
extrapolated from leaves to all litter types'’. Global decomposition rate of
salt marsh litters have been recently estimated to be 5.9 + 0.5x107°d™
using exclusively leaf litter measurements'. If we assume equal inputs of all
litter types to the soil, using only the decomposition rate of leaves would
artificially inflate the global decomposition rate by 1.7 times. Therefore,
future litter decomposition studies should incubate separately fine roots by
orders or functions (i.e., absorptive vs transportive), and separate them from
rhizomes and leaves to be accurate. It is also critical to determine decom-
position, lifespans and production rates” for all litter types in salt marshes
(most of those data are currently lacking) to accurately identify and quantify
organic matter inputs to salt marsh sediments.

In addition, most of the belowground decomposition rates (~90%*)
are based on decomposition studies that combine all root functional types,
even often excluding fine absorptive roots. Yet, we show that the below-
ground litter pool is not uniform in salt marshes as previously reported for
terrestrial soils™***”, with fine absorptive roots losing the least amount of C
during decomposition in both ecosystems. Similar results have been found
in mangroves%, but so far, no such investigations in tropical and subtropical
salt marshes. Our study suggests that in view of the importance of below-
ground litter for the C budget of Blue C ecosystems, differences in
decomposition for contrasting root litter types should be taken into account
when assessing litter decomposition in these ecosystems.

Further efforts, should consider processes of OM stabilization in
sediments, such as the association of OM with minerals®’. Indeed, the litter is
first broken down into simpler compounds by microorganisms like bacteria,
fungi, and other soil organisms. The decomposition process results in a
processing of most of the litter inputs to the soil”’. The remaining litter then
undergoes process of stabilization and our study does not encompass this
phase™.

Conclusion

* The OM decomposition rate and quality were modulated by litter types
with fine absorptive roots showing the lowest decomposition rate (up
to 50% slower), followed by rhizomes, fine transportive roots and
leaves. Consequently, rough global estimates based on aboveground
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litter as a whole pool may likely overestimate the total litter
decomposition rate.

* Elemental ratios (C:N) and concentrations (% N) failed to explain the
difference in decomposition rate across the litter types, which were
better explained by the composition of the different litter types, in
particular by their lignin composition.

¢ Theincrease in inundation from the initial condition did not reduce the
litter decomposition rate (except between extremes). This suggests that
a gain in elevation through soil accretion is unlikely to result from a
reduction in litter decomposition with an increase in inundation.

Methods

Field site

The in-situ manipulative experiment was conducted in a temperate salt
marsh (Bossys perdus) in France between May and October 2021. Bossys
perdus is situated within the maritime part of the Lilleau des Niges national
biosphere reserve on Ré Island (French Atlantic Coast, Fig. 4) (46°13'42.4“N,
1°30'09.5“W). The dominant species in our experimental unit was Hali-
mione portulacoides, a perennial C3 halophyte (angiosperm) that covers
~70% of the low vegetated area (Fig. 4)*. Halimione portulacoides belongs to
the chenopod family. The climate of Bossys perdus is temperate oceanic
with mild winters and warm summers. The mean annual precipitation is
744 mm, and the mean annual temperature is 13.3 °C*®, The tidal regime is
macro-tidal with spring tides reaching up to ~3.5m in height. Bossys
perdus is flooded twice a day (semi-diurnal tides) with tidal waters from the
Breton Sound mixed with inland waters from two rivers (Sévre Niortaise
and the Lay) and the upstream brackish marsh. The water salinity is around
32 ppt™. The sediments are dominated by silt (77%), followed by clay (12%)
and sand (10%) at the surface and sand dominated in the deep sediment
layers (unpublished results of Amann et al.). The total organic carbon
content was 4% between the 0-10 cm depth in the sediment revealing the
mostly minerogenic nature of our site (unpublished results of Amann et al.).
The period of measurement in 2021 was typical of previous years in terms of
tidal range at the site™. There were no periods of extreme sea levels at the
studied site during our measurement periods from 2020 to 2022 and in 2021
after classical successive patterns of spring and ebbing tide periods along the
years™ (based also on unpublished measurements). Tidal waters immersed
the site only during a quarter of time during flooding tides in spring and
autumn™’. Water height differences between 2020, 2021 (sampling period)
and 2022 remained below 15cm™ (based also on unpublished
measurements).

Experimental design of the marsh organ simulating an inundation
gradient

We set up a marsh organ at Bossys perdus in April 2021. A marsh organ
consists of mesocosm rows positioned at different elevations relative to the
marsh surface to simulate a gradient of inundation duration and
frequency'®”. The lower the mesocosm row, the longer the flooding dura-
tion and depth of the mesocosms is (Fig. 4). The potential impact of sea-level

change on the inundation duration at Bossys perdus has not been fully
established due to the lack of data on the root dynamics under accelerated
SLR, which could potentially increase the soil elevation and thus reduce the
inundation duration. Hence, we adopted a simplified approach without
taking this feedback loop into account (Fig. 4)'*. We designed five elevations:
the first mesocosm row was set at an elevation of 130 cm, corresponding to
the mean altitude of our site (referred to as “SLI”), and the mean inundation
of our site. The second mesocosm row was positioned 30 cm lower than the
SLI, simulating increased inundation resulting from the projected SLR
under SSP1-2.6 (low emission scenarios)*. The third mesocosm row was
placed 60 cm lower than the SLI, simulating increased inundation resulting
from the projected SLR corresponding to the upper limit of the SSP3-7.0
(high emission scenarios)*’. The fourth mesocosm row was established
100 cm lower than the SLI, simulating increased inundation resulting from
the worst-case scenarios of SLR under SSP5-8.5. Lastly, a mesocosm row was
placed 40 cm higher than the SLI to encompass a wide range of inundation
durations (Fig. 4).

Each mesocosm consisted of a PVC tube closed at the bottom (20 cm
diameter x 40 cm length) with a perforated lid for water drainage (Fig. 4).
While marsh organ mesocosms are typically filled with reworked native
sediments and transplanted with sods and seedlings, we used “intact” soil
cores and in-situ grown vegetation directly from the site to closely simulate
the environmental conditions (e.g., soil structure and drainage, microbial
community, mature vegetation). We sharpened the ends of the mesocosms
and used them as corers to randomly extract soil cores with intact Halimione
portulacoides vegetation across the site. These soil cores were immediately
placed in the marsh organ at the beginning of April 2021.

Experimental setup
We prepared 100 litterbags, including 25 filled with only leave litter, 25 only
with fine absorptive root litter, 25 only with fine transportive root litter and
25 only with rhizomes litter. In each mesocosm, we buried 4 litterbags
including one litterbag filled with leaf litter, one with fine absorptive root
litter, one with fine transportive root litter and one with rhizome litter. We
ensured that the litter collected from across our site was representative of our
study area. We did not associate one location of litter collection to one
mesocosm, because it could have potentially induced a confounding effect of
litter location and quality. Our focus was on testing the effects of different
litter types and inundation treatments, not on litter quality variations within
the site due to location. Nevertheless, the litter heterogeneity across our
collection points was likely minimal, as all the collected litter came from
Halimione portulacoide plants situated between the edge of the marsh and
25 m inland, corresponding to a relatively small elevation gradient of less
than 20 cm. The litter was extracted litter from 20 cores (15 cm length x
10 cm diameter) of soil and above-ground vegetation of Halimione por-
tulacoides at the Bossys perdus site that were chosen randomly. Halimione
portulacoides is prevalent as a mono-species in large areas of our site (Fig. 4).
The belowground biomass of Halimione portulacoides is variable, ranging
from 1151 to 6500 g dwm™ across the seasons and salt marshes and

Fig. 4 | Marsh organ design and location of the
Bossys perdus site. SLI is the initial level of inun-
dation, SLR30, SLR60 and SLR100 are the inunda-
tion treatments corresponding to the projected SLR
scenarios from low to above the worst-case emission
scenarios”. For SL-40, the inundation duration was
reduced compared to the mean inundation time
(Table 1).
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Fig. 5| Diagram of the root functional types and rhizomes of Halimione portulacoide
(not in scale).

representing up to 40% of the total biomass and 20% of the total mass of a
soil core™.

We extracted the soil core at least 2 m away from any other species,
following the methods outlined by Freschet et al.”’. To ensure species
identity and root functional type identification, we only harvested Hali-
mione portulacoides roots attached to the stem or rhizomes from the soil
cores (note that there were no other species in our core)*”. We then sorted
the roots into functional types, including fine absorptive roots (root orders 1
and 2), fine transportive roots (root order 4) and rhizomes (Fig. 5)*. Due to
coring restrictions in the biosphere reserve, we also directly collected fine
absorptive roots, fine transportive roots and rhizomes attached to the stems
or rhizomes of Halimione portulacoides from the 0 to 10 cm soil horizon at
the Bossys perdus. Then, all of the roots and rhizomes were washed with
water through a 1 mm sieve. We collected Halimione portulacoides leaves
from the same area at the same time. All of the litter materials were dried at
40 °C in an oven for 4 days (i.e., until constant weight)*>*.

We weighed 3 £ 0.05 g of each of the dry litter materials using a high-
precision balance (+0.001 g, Sartorius, model no. 1712001, Germany) and
filled the litterbags (7 cm in length, 5 cm in width and 0.45 um mesh size)
with the two functional root types, rhizomes and leaves separately and then
buried them at a depth of 0.5 cm in each mesocosm. In each mesocosm, we
buried four litter bags having one type of litter each. The litterbags were
placed vertically in the sediments, and were not thick (<1 cm), so there was
plenty of space between the litter bags and the mesocosms edge. We aimed
to compare the decomposition of the different litter types under the same
environmental conditions; therefore, we applied the exact same conditions
for all litter types to avoid any confounding variations. This pooling has been
reported as important to “ensure there are no biases in root properties, for
example, in relation to collection depth or edaphic conditions™.

In total, we had four types of litter crossed with inundation treatments,
each replicated five times, resulting in a total of 100 litterbags, which were
buried in the 25 mesocosms for 170 days (May 4, 2021-October 21, 2021).
Our incubation time was limited and only represents the first phase of OM
decomposition. After excavation, the litterbags were individually washed,
dried at 40 °C in an oven for 4 days, weighed (+0.001 g, Sartorius, model no.
1712001, Germany), and visually checked for defects. Two of the litterbags
were damaged during the excavation and therefore have been removed from
the analysis. Here, we define decomposition as all biological processes
contributing to organic matter (OM) mass loss and transformation, in
addition to leaching from litter only®, and not consider stabilization pro-
cesses that occurs in later phase. Hereafter, when we refer to OM, it is
specifically OM derived from litter.

Carbon-Nitrogen and isotopic analysis

The C and N contents (% of organic C and % N) and the stable C and N
isotope composition (§"°C and 8“N) of the leaves, rhizomes and root
materials were determined before and after field exposure (ie., on

decomposing litter). C, N, §'*C and §"°N were measured using a continuous
flow Elementar® VarioPyro cube elemental analyzer (Elementar, Germany)
coupled to a Micromass® Isoprime Isotope Ratio mass spectro-
meter (IRMS).

Pyrolysis coupled with gas chromatography and mass
spectroscopy

Pyrolysis combined with gas chromatography-mass spectrometry (Py-GC/
MS) provides a molecular fingerprint of the pyrolysable OM (i.e., the
fraction of OM released as volatile compounds during pyrolysis and ana-
lyzed by GC/MS). Py-GC/MS allows for a qualitative characterization of the
OM. Here, we used Py-GC/MS to determine the chemical structure of each
litter type, as well as their decomposition proxies, including the lignin (Lig)
to polysaccharide (PS) ratio and the syringyl lignin (LigS) to guaiacyl lignin
(LigG) ratio (Thevenot et al., 2010) for litter types containing lignin (e.g.,
roots and rhizomes). Note that it was not possible to estimate the ratio for
the leaves because they contain too little lignin. In summary, approximately
0.5 to 1 mg of each litter type was loaded into quartz tubes, which were then
inserted into a pyrolysis unit (CDS Pyroprobe 5000 series, JSB, USA) and
rapidly heated by a resistance heater to 650 °C within 0.15 sec (with a 30-s
hold). The resulting pyrolysis products were separated using an Agilent
5890 gas chromatograph (GC) (Agilent Technologies, USA) coupled to a
quadrupole mass spectrometer (Agilent 5889) operating in electron ioni-
zation mode (70 eV). Compounds were identified based on their mass
spectra, GC retention times and comparison with library mass spectra
(Wiley Library). Several pyrolysis products were identified for each sample,
some of which were specific to a particular macromolecular source. The
peaks were integrated using the ChemStation software (version
D.03.00.611) (Agilent Technologies, USA). The relative area was calculated
for each peak by normalizing its area by the sum of the areas of all the
identified peaks. For this analysis, we had one true replicate and three
analytical replicates because this method is highly labor-intensive in terms of
data processing.

Environmental data collection

We measured the volumetric water content of the soil using an ML3 The-
taProbe (+1%, DeltaT Devices; Cambridge, UK) across all of the mesocosms
at four random times (n = 100). The ML3 ThetaProbe measures the volu-
metric water content in a cylinder of sediment 3 cm in diameter and 6 cm in
length. The inundation duration was determined from the water level height
measured every 10 min using a multi-parameter probe STPS100SI (accuracy
of the pressure sensor +2.4 cm, NKE Instrumentation Ltd., France), between
May 4, 2021 and October 20, 2021 at the level of the marsh organ. The
precipitation was quantified every 10 min using a tipping bucket rain gauge
(total accumulation in mm over each 10 min) (accuracy + 5%, TE525MM,
Texas Electronics, USA). The air temperature (°C) and the relative humidity
(%) were measured every 10 min using an HMP155A probe (accuracy
RH+1.7% Ta=+0.055°C, Campbell Scientific Ltd., UK). All of these
meteorological parameters were measured at a single point on the site
between May 4, 2021 and October 12, 2021 from an atmospheric Eddy
Covariance station (Mayen et al., 2023). The soil temperature was measured
using thermocouples (TE-C0010109-WIRE-010, Thermo-Electric, USA) at
three points across the sites between July 26, 2021 and October 20, 2021.

Calculations and statistical analysis
We calculated the initial mass of carbon (C_Mass_initial in g) by multi-
plying the percentage of carbon content in the initial litter by the weight of
the initial sample. A similar calculation was performed for the mass of
carbon in the decomposing litter (C_Mass_final in g). We then determined
the percentage of carbon loss relative to the initial carbon mass (the per-
centage change in %) using the following formula:

C percent change = 100 * ((C_Mass_initial - C_Mass_final) /
C_Mass_initial))

The same procedure was applied for nitrogen (N). Similarly, we
computed the percentage change for each decomposition proxy (without
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calculating the mass, due to the qualitative values obtained from pyrolysis).
We determined the percentage of change to normalize the change of each
variable compared to their initial value. To process our results, we conducted
a Principal Component Analysis (PCA) to summarize the pyrolysis results
by attributing the main molecules that constitute each litter type using the
“ade4” R package®. We used linear model to investigate the effect of the litter
types, inundation treatments and their two-way interaction on the OM
decomposition rate over 170 days. The fixed factors were the inundation
level and the litter types. We conducted Tukey post-hoc comparisons
between the least-square means for all pairs of samples. Visual inspection of
the linear model residuals did not reveal any deviations from normality,
homoscedasticity or linearity. The residuals of the linear model did not show
any hierarchical structure. We determined the effects of litter types, inun-
dation treatment and their interaction for the other variables (C, N, 8§"°C,
8"N, Lig:PS, LigS:LigG) using two-way ANOV As or Kruskal-Wallis tests if
the ANOVA assumption was not met. Post-hoc pairwise comparisons were
conducted using Tukey’s HSD tests following the ANOVA test, and the
Dunn test was used after the Kruskal-Wallis test. We visually inspected the
residuals, and there were no obvious deviations from normality or homo-
scedasticity for the ANOVAs. We did a linear regression between mass loss
and inundation as a continuous variable (as h d™"). We used R to perform all
of the statistical analyses, including the R package stats®’.

Limitations of the experimental design

We purposefully did not associate one plant from one location to one
mesocosm, as this could have potentially introduced a confounding effect of
litter quality due to location. The approach of using standardized material or
pooled materials in decomposition studies has been highly recommended in
methodological papers to avoid such biases™* and has been employed in
many decomposition studies in saltmarshes™ and in studies comparing
different types of litter. Nevertheless, this approach reduces the variability
across replicates, and this should be kept in mind when interpreting our
results. The use of litterbags with a small mesh size allowed for OM
decomposition by microbes, fungi and microfauna, but excluded decom-
posers larger than 0.45 um (i.e., meso and meiofauna). The use of a small
mesh size was necessary to prevent litterbag contamination from new root
materials growing within the litterbags. In addition, as in any experiment, we
reduced the complexity of the system using mesocosms (e.g., isolation of the
mesocosms from other habitats), even though our mesocosms have been
filled with intact soil cores randomly selected from the salt marsh location
and which were notably larger compared to most previous marsh organ
studies'®”. Our litter was dried at a low temperature to avoid altering the
litter chemistry, following the recommendation of Freschet et al. (2021)®.
Drying is commonly performed in litterbag studies to compare leaves and
root functional types™® and is necessary since using a wet-dry mass ratio
may lead to significant errors in the final mass losses. We chose a single
sampling date due to the logistical challenge of collecting additional fine
absorptive roots for extra litterbags (without freezing the roots), as it is an
extremely time-consuming process to collect and sort roots. Nevertheless,
our incubation occurred during the most active months for decomposition,
and a single sampling time was sufficient to address our research questions.
Our incubation time was limited and only represents the first phase of OM
decomposition. Also, we studied only the litter decomposition that only
partially control the C input to salt marsh sediments. The impact of shading
on soil temperature may also affect litter decomposition in the experiments.
To mitigate shading effects and ensure consistent sunlight exposure for each
row, we positioned the elevation platform so that it faced southward™.
Lastly, we measured the OM decomposition rate only and not loss through
erosion, while SLR can lead to an increase of salt marsh erosion, and thus
loss of OM’. These differences between our mesocosm and the natural
system should be kept in mind when interpreting our results.

Data availability
The data that support the findings of this study are available in the Sup-
plementary Data 1 of this article and in a Zenodo repository™.
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