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Woody litter protects peat carbon stocks

during drought

Nathalie Fenner ® > and Chris Freeman

Q1

Q }lorthern peatlands store ~30% of the world's soil carbon. This carbon sequestration is due to slow decomposition, as illus-

trated by ancient wooden artefacts and ‘bog bodies’ preserved over millennia. Such artefacts suggest that carbon could be
captured externally and stored long term in peat. However, whether such carbon would remain stable following lowered water
tables is not known. Here we show that adding woody litter results in preservation of the exogenous carbon, as well as protec-
tion of soil carbon within the host ecosystem from severe drought, as a result of leached polyphenolics. These compounds not
only inhibit microbial extracellular and intracellular metabolism but also deprive microbial growth of iron and substrates such
as carbon and nitrogen. Our results suggest that this technique harnesses natural ecosystem resilience mechanisms and may

have implications for new carbon-farming approaches.

contribute to cooling the planet®’. Afforestation has long

been recognized as a valuable tool for countering the build-
up of atmospheric CO,**, for example, offsetting an estimated
11% of annual GHG emissions in the United States’. Forests store
around 861 PgC (refs. “*7), with net ecosystem production gener-
ally considered to be high***. Soil stocks account for 44%, live bio-
mass 42%, deadwood 8% and litter 5% (ref. ©). The latter live and
dead compartments are vulnerable to re-release when trees die and
decompose or are subject to pests, diseases, deforestation and for-
est fires'**. However, unlike forests, peatlands are unusually effec-
tive at preventing re-release of stored carbon to the atmosphere’.
Traditionally, this is attributed to slow decomposition rates in rela-
tion to production rates as a result of waterlogging, low pH and
cool conditions">*'". Sphagnum peatlands were found to possess
a particularly effective mechanism for restricting enzymic decom-
position’ whereby oxygen constraints associated with waterlog-
ging suppress the activity of phenol oxidase enzymes. This, in turn,
allows an accumulation of enzyme-inhibiting phenolic compounds
to impede the activity of the major agents of nutrient cycling and
decomposition, namely, hydrolase enzymes’. This ‘enzymic latch’
was later found to sit within a biogeochemical cascade whereby
multiple constraints were preventing decomposition, rather than
just waterlogging, but severe drought could disrupt this by acceler-
ating nutrient cycling and raising pH“.:

Combining forest carbon capture with peatland preservation
to improve carbon sequestration has been proposed'? but never
tested, and whether the approach is vulnerable to release of carbon
in gaseous or dissolved form"*"* during increasing drought events’
remains unknown. Thus, we investigated the stability of woody litter
in peatland ecosystems and the impact of lowered water tables (due
to drainage or drought) on peatland decomposition. Our results
suggest not only that the woody material is effectively preserved
but that the extra soluble polyphenols:that the wood leaches inhibit

both extracellular and intracellular metabolism and deprive micro-
bial growth of both iron and substrates. This further limits decom-
position, protecting the host ecosystem carbon stock, even during
severe drought. Such findings held true across successional stages
and water table regimes, which have been proposed to account for

N orthern peatlands store around 250-450 Pg of carbon'* and

differences in sensitivity to drought'* and further our understand-
ing of how wooded peatlands can exist under intermittently dry
conditions. In addition, these findings suggest new mechanisms
that harness natural ecosystem resilience mechanisms, with appli-
cations in geological and ecological engineering to protect carbon
stocks and increase sequestration in pristine drought-sensitive sys-
tems through to highly degraded drought-resistant systems.

Determining the stability of exogenous carbon in peat
Initial studies investigated whether peat could stabilize exogenous
carbon captured as wood, that is, whether inserted wood decom-
posed at a slower rate than exposed wood. For this, we used an
in vitro standard biodegradation approach with durable oak
(Quercus robur) and non-durable poplar (Liriodendron tulipifera),
as defined by percentage mass loss'”. Wood remaining on the sur-
face of the peat showed an average mass loss of 49%y~"' (oak) and
73%y~" (poplar), while timber inserted 5cm below the peat’s sur-
face lost only 12%y~" and 18%y~', respectively, under waterlogged
(anaerobic) conditions, confirming that insertion preserved exog-
enous carbon.

This was followed by incubating wood inserted into Sphagnum
peat (site 1, Supplementary Table 1) under anaerobic, aerobic,
anaerobic conditions in sequence to determine whether the exog-
enous carbon was resilient to changes in redox potential, that is,
whether drainage or drought would increase mass loss, as would be
expected from traditional and enzymic-latch theories. Surprisingly,
no increase in mass loss was found, compared with the water-
logged control, suggesting the carbon was stabilized within the peat
regardless of oxygen status. Furthermore, there was an increase in
soluble polyphenolics (oak: 0.5mgl™", 36%; poplar: 0.4 mgl~’, 24%).
A reduction in global warming potential (GWP) was also found
(oak 173%; poplar 72%). Oak was particularly effective, shifting
the peat from a source of 183 mg CO,-equivalent (CO,e) m™>h™!
to a sink of 251 mg CO,em~h"! (Fig. 1a), suggesting not only sup-
pressed decomposition (that is, a reduction in source strength)
but also uptake of GHGs (that is, ‘scrubbing’ from the atmo-
sphere). While variation was relatively high, N,O contributions
shifted from a source of 5.54+6.14mgCO,em~h"! to a sink of
—14.95+17.22mgCO,em~2h" and showed the largest percentage
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Fig. 1| Effect of changes in redox potential on GHG fluxes from
ombrotrophic peat. a,b, GWP CO,e of GHGs from in vitro microcosms
containing durable oak (a) and non-durable poplar (b) overall (that is,

the duration of the anaerobic-aerobic-anaerobic 60 d incubation) and
when exposed to anaerobic and aerobic conditions. Oak was significantly
different from the control (overall paired T=-3.66, P=0.006) with

a 341% and 190% reduction under aerobic and anaerobic conditions,
respectively. Poplar showed a large reduction under aerobic and anaerobic
conditions (1,388% and 220%, respectively) but was more variable (overall
paired T=-1.36, P=0.211). Negative fluxes represent uptake from the
atmosphere. N=6 microcosms per treatment; error bars denote SEM.

change (370%) with oak addition, suggesting the potential for large
effects on GWP. Similar patterns were found for poplar but with
more variation (Fig. 1b). However, suppression was greatest during
the aerobic phase compared with the anaerobic phase for both wood
types (Fig. 1a,b).

The experiment suggests that the durable wood induces stron-
ger constraints on decomposition than the non-durable wood and
that the threat of carbon loss due to a drought-induced destabliza-
tion of the enzymic latch is much reduced, even in these predomi-
nantly waterlogged and therefore drought-sensitive' systems.
Furthermore, adding phenol oxidase enzymes to further test the
threat to carbon stocks posed by a temperature- or nutrient-medi-
ated opening of the latch'' when exposed to the simulated drought
did not increase mass loss, suggesting ‘excess’ inhibiting capacity or
resilience.

Effects of peat type on exogenous carbon stability

Wood was then inserted (5cm depth) into intact plant-peat meso-
cosms, representing more-natural conditions than the previous
experiment, by including natural peat profiles and microsites. These
were collected from a range of peatland types (Supplementary
Table 1) across four trophic statuses (ombrotrophic, oligotrophic,
mesotrophic and eutrophic) because nutrients and pH drive decom-
position'’, with nitrogen levels being inversely correlated with
phenolics in bogs'®. However, it should be noted that the range of
trophic status includes co-varying physicochemical variables such as
nutrients, pH and organic matter. The exogenous carbon was again
stabilized, with poplar losing only 1.2%y~! (0.14gy™") of its mass
in the ombrotrophic system, 1.4%y~" (0.15gy™") in the oligotrophic
system and 1.9%y~" (0.22 gy™") in the mesotrophic system. However,

Fig. 2 | Effect of peat type on wood preservation and polyphenolic
accumulation. a,b, Oak and poplar mass loss (a) and soluble polyphenolics
concentration (b) after addition to a range of peatland types over 3yr,
including simulated 1 per 100 yr drought (60 d duration, water table 30 cm
below surface). Mass loss was strongly related to trophic status (oak:
R?=40.93, T=6.82, P=0.000; poplar: R?=36.15, T=6.23, P=0.000)

as was polyphenolic concentration (oak: R?=91.95, T=6.03, P=0.000;
poplar: R®?=94.74, T=4.78, P=0.000). N=6 plant-peat mesocosms per
trophic level per treatment; error bars denote SEM.

oak again was more resistant, losing 1%y~ (0.12gy™"), 1.1%y™"
(0.12gy™") and 1.4%y"' (0.16y™"), respectively (Fig. 2a). As with the
in vitro results, polyphenolics concentrations increased with wood
additions, and this was true for both wood types across all peatlands.
Oak showed higher polyphenolics concentrations (Fig. 2b) though,
suggesting wood type, and therefore leachate character, is probably
important in determining microbial decomposition.

Thus, ombrotrophic bogs were the most effective exogenous
carbon preservation systems, showing the lowest mass loss and
highest accumulation of polyphenolics (Fig. 2a,b), consistent with
their exceptionally slow decomposition rates (attributed to low pH,
high polyphenolics'” and unusual tanning properties, which make
nitrogen unavailable'®). However, mass loss in the oligotrophic
and mesotrophic sites showed no éubstantial difference from the
ombrotrophic system (Fig. 2a), and even in the eutrophic system
there was an accumulation of polyphenolics and low mass loss rates
for both oak (3.1%y7!, 0.36gy™") and poplar (4.1%y"", 0.42gy~").
The latter was supported by natural alluvial recruitment of coarse
woody debris and preserved archaeological relicts”. It should be
noted, however, that these systems are still relatively nutrient-poor
(Supplementary Table 1), and both woods became more vulnerable
to decay with increasing trophic status (Fig. 2a).

Focussing on oak, due to its higher polyphenolics concentra-
tions, the flux of all GHG species was reduced (Supplementary
Fig. 1a,b and Fig. 3a), leading to decreased GWP across all systems
(Fig. 3b). The greatest percentage change was found in the ombro-
trophic system (35%), which also showed the strongest N,O reduc-
tion, acting as a sink overall (Fig. 3c). Simulated drought, following
2yr of waterlogged conditions, further enhanced this effect in the
ombrotrophic, oligotrophic and mesotrophic systems (Fig. 3a,b
and Supplementary Fig. 1c,d), with N,O contributions particularly

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange
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Fig. 3 | Effect of oak addition on GHG fluxes across peat types. a, N,O contributions to GWP (in CO.e) after oak addition compared with controls across
a range of peatland types over 3yr, including simulated 1 per 100 yr severe drought (60 d duration, water table 30 cm below surface). b, Total GWP over
3yr for control and oak-supplemented peat and showing greater effects in drought. Overall percentage suppression due to oak: ombrotrophic, 35%;
oligotrophic, 31%; mesotrophic, 19%; eutrophic, 18%. Drought suppression due to oak: ombrotrophic, 38% (T=3.30, P=0.021); oligotrophic, 34%
(T=5.03, P=0.004); mesotrophic, 23% and eutrophic, 13%. ¢, N,O contributions to GWP after oak addition compared with controls in ombrotrophic
peat (overall, 198% reduction: paired T=4.29, P=0.008; severe drought, 67% reduction: T=10.78, P=0.000). Negative fluxes represent uptake from the
atmosphere. The ombrotrophic site was found to be a net sink when averaged overall (Supplementary Text 1) but a source during drought. N=6 plant-peat

mesocosms per trophic level per treatment; error bars denote SEM.

inhibited in ombrotrophic systems (Fig. 3a and Supplementary
Fig. 1d), consistent with in vitro results.

While CO, and CH, contribute more to GWP, N,O is most
affected by supplementation (Supplementary Fig. 1, Fig. 3 and
Supplementary Text 1). Given that drainage releases N,O, alter-
ing peatlands globally from a net sink to a source of GHG*, and
that emissions from tropical and drained peatlands are likely being
underestimated”, such a property could be invaluable.

Similarly, we also measured dissolved organic carbon (DOC)
and dissolved organic nitrogen (DON) concentrations leach-
ing from the peat as intermediates of decomposition available for
export to receiving waters with the potential to reduce drinking
water quality or act as substrates for further GHG production®*.
DOC concentrations fell significantly (24%, 18 mgl™) over 3yr
and 28% (16 mgl™) in severe drought, with polyphenolics concen-
trations increasing by 26% (3.8 mgl™) and 59% (5.0 mgl™") within
this pool, respectively, giving an increased polyphenolics-to-DOC
ratio, thought to be more important in limiting microbial metab-
olism than high concentrations of polyphenolics alone*. DON
showed a similar pattern (36% overall, 59% during severe drought,
Supplementary Table 2). In addition, an illustration of the extent of
the impact of polyphenolics on decomposition can be seen in shifts
in the isotopic signatures of these intermediates (Supplementary
Text 1 and Supplementary Fig. 2).

Pre-aged oak
The preceding wood mass loss rates are calculated from short-term
experiments and, as such, may be faster than long-term averages

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange

due to preferential decomposition of labile organic matter. However,
conversely, polyphenolic extractive concentration may decline with
time, through leaching, which can reduce durability in some spe-
cies”. Thus, we investigated the rates of loss for pre-aged oak, which
had been naturally decomposing where it fell for >5yr. Exposed oak
lost 9%y~ (0.90gy™") of its mass, compared with 1%y~ (0.13gy™)
for that inserted into mesotrophic peat (Fig. 4a). For the non-aged
oak inserted into the same peat type (Fig. 2a), the rate of loss is also
1%y~ (0.16gy™"), suggesting that peat preserves oak irrespective
of age. Pre-aged oak also significantly reduced GWP, even during
drought (Fig. 4b), suggesting that protective effects on the host peat
carbon stock are likely to last in the medium to long term.

Hydrological legacy

Evidence suggests that long-term hydrological regime affects
the response of peatlands to drought'' via the kinetics of pheno-
lic inhibition®. Therefore, we tested whether wood supplements
had the same effect using peat from a ‘natural laboratory, which
included four hydrological regimes (or drought sensitivities'*):
waterlogged pristine, increased moderate drought frequency, drain-
age, and drainage with rewetting. Overall, there was a 50% differ-
ence due to oak addition for the pristine peat (Fig. 5a), with GWP
in the drought phase under wood treatment being similar to the
control under waterlogged conditions. In the case of N,O contri-
butions, these shifted from a source to a sink because of wood sup-
plements. Similar effects were seen for the moderate drought site
(41%, P=0.05), and while the drained and rewetted sites showed a
lower magnitude of effect, this was still substantial (25%, P=0.001
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Fig. 4 | Preservation of pre-aged oak in peat and its effect on GHG fluxes.
a b, Effects of inserting pre-aged oak into mesotrophic peat over 3yr

on mass loss (86% reduction compared with exposed wood, T=3.69,
P=0.014) (a) and contributions of GHG species to GWP ((CO,e) 26%
reduction: T=11.28, P=0.000)) and showing greater effect of wood in
drought (simulated 1 per 100 yr severe drought, 60 d duration, water table
30 cm below surface) compared with the control (55%, T=7.46, P=0.001)
(b). N=6 mesotrophic plant-peat mesocosms; error bars denote SEM.

and 30%, P=0.005, respectively), suggesting that the treatment
also could benefit degraded and restored peatlands, irrespective of
hydrological legacy.

Naturally wooded systems

If leached wood polyphenolics protect the host peat carbon stock
against drought effects, then naturally shrubby or forested peatlands
might be expected to be particularly resistant to drought. Recent
evidence from US Pocosin systems supports this, suggesting that
these systems can exist with unusually low water tables due to an
accumulation of polyphenolics from woody shrubs over millen-
nia'. Thus, we investigated the effect of a shift from Sphagnum-
Juncus communities to woody shrubs (Erica and Calluna) as a result
of drainage in an upland UK system. Leachable polyphenolic levels
increased (31%, Fig. 5b) despite a relatively short period of effect
and mixed plant community composition (20% shrubs), in line with
findings that polyphenolics increase with the expansion of shrubs
in European peat®. A 1 per 100yr natural drought also increased
polyphenolics in both systems (Fig. 5b), in line with complex limi-
tations on decomposition, rather than just oxygen'“**, such as
moisture stress, pH'"*** and litter type®>”. A large and significant
GWP saving was also found under the shrubby peatland systems
here (Fig. 5¢), suggesting there is a protection mechanism prevent-
ing carbon stocks from disappearing as CO,. Indeed, Laiho et al*,
working on Scots pine (Pinus sylvestris) litter, found that long-term
forestry drainage does not increase decomposition of fresh organic
matter, and moderate drainage actually increased carbon sequestra-
tion in alder carr peatlands™.

Mechanisms inhibiting decomposition

Four non-mutually exclusive mechanisms are proposed to account
for the antimicrobial properties of polyphenolics (particularly tan-
nins) in the literature: (1) inhibition of extracellular enzyme activi-
ties, (2) deprivation of substrates required for growth, (3) direct
inhibition of microbial metabolism and (4) iron deprivation® .

Inhibition of extracellular enzyme activities

A suppression of all extracellular enzymes activities involved in car-
bon and nitrogen cycles was observed (Supplementary Table 2 and
Supplementary Text 2), consistent with the main mechanism of anti-
microbial action proposed in the literature, that is, inactivation via
protein precipitation and competitive inhibition***'-*. In line with
the increased effect on decomposition during drought, the major-
ity of enzymes were suppressed to a greater degree. Extracellular
phenol oxidase showed the largest inhibition, 58% during drought
(33% overall) with NAGase being inhibited by 52% under drought,
the latter showing the largest inhibition of all the biological indices
measured overall (47%).

Deprivation of substrates required for growth

In addition to DOC (Supplementary Table 2), DON concentrations
in the pore waters were particularly affected (—36%, P=0.044), and
polyphenolics have been reported to protect polymeric substrates
from decomposition more efficiently via complexation mecha-
nisms than those of low molecular weight (for example, peptides
and amino acids) due to differences in affinity*>. However, ammo-
nium was also significantly reduced (17%). Given the particularly
low inorganic nutrient concentrations in ombrotrophic peatland
systems (Supplementary Tables 1 and 2), where DON is likely to
be a major N source for microbial growth®, this may explain the
particularly efficient sequestration and protection of host ecosys-
tem soil carbon in such bogs, especially when combined with tan-
ning effects'. The potential for reduced primary production in the
long term as a result of supplementation requires further research
(Supplementary Text 2).

Direct effects on microbial metabolism’

Intracellular indices were also inhibited, suggesting that polyphe-
nolics are acting on microbial metabolism directly (for example,
through oxidative phosphorylation®?). Bacterial growth rates were
37% lower and intracellular C230 (catechol 2,3-dioxygenase, a key
enzyme in lignin degradation") activities were inhibited by 40%
overall (Supplementary Table 2).

Iron deprivation

Wood treatments appeared to induce iron deficiency with con-
centrations being lowered by 28% overall (Supplementary
Table 2). In nutrient-poor wetlands, ferrous iron (Fe?*) has long
been known to stimulate decomposition®. Many types of phenol
oxidases synthesised by both bacteria and fungi contain Fe?* in
their haem complex, and this, together with H,0,, generates OH
radicals representing a strong polyphenolic oxidizing agent, par-
ticularly in drought conditions (known as the Fenton reaction)™.
Tannin has also been reported to bind manganese, which is also
used in certain phenol oxidases, with oxidation of Mn?* form-
ing H,0, and, hence, strongly catalysing oxidation of phenolics™.
Thus, polyphenolics apparently have broad ‘metal scavenging’
effects, potentially inhibiting both intracellular and extracellular
metabolism.

Protection of host ecosystem soil carbon during drought
The preceding evidence suggests that all four mechanisms are
contributing to the inhibitory effect of wood treatments. These
Iznechanisms are likely to be inextricably linked, rather than addi-
tive, and we discuss this as a ‘quadruple lock' on peat decomposi-
tion. For example, inhibited extracellular enzymes would lead to
deprivation of substrates required for microbial growth, and direct
effects on microbial metabolism could reduce de novo enzyme
synthesis, reducing nutrient acquisition further. If we assume that
abundance of microbes is an integrated measure of inhibitory
effects on all metabolic pathways, this also suggests suppression
(20% across morphotypes (for example, cocci (spherical-shaped

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange
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30 cm below surface). Overall, there was a 50% difference and in the drought phase 47% (T=6.89, P=0.001 and T=5.40, P=0.003, respectively) due
to treatment. b, Comparison of pristine (waterlogged Sphagnum-dominated) and drained (shrubby) peatland leachable polyphenolics before and after

the 2006 severe natural drought (1 per 100 yr), showing higher levels of polyphenolics in the drained site and as a result of drought in both systems.
Before drought, concentrations were 31.3% higher in the drained site (T=-3.39, P=0.043); for the severe drought year, there was an 8.4% difference
(T=-2.31,P=0.033). ¢, Comparison of Sphagnum-dominated and shrubby peatland GWP (in CO,e) over 5yr (100%, T=3.07, P=0.037). Pristine sites
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30%, Polytrichum commune 20%, Sphagnum species 20%, shrubs 20%, bare peat 10%). Negative fluxes represent uptake from the atmosphere. Five in situ

sampling stations were used per peatland type; error bars denote SEM.

cells), bacillus (rod-shaped cells) and spirochaetes (spiral-shaped
cells)); Supplementary Table 2 and Supplementary Text 3).

The effect of wood additions was most pronounced under
drought conditions for most enzymes (Supplementary Table 2),
and this could relate to the fact that phenolic compound oxida-
tion increases enzyme inhibition, by both higher molecular weight
substances (such as tannic acid, that is, polyphenolics) and lower
molecular weight phenols (present in the peat as intermediates
from polyphenolic degradation, for example, catechol, protocat-
echuic acid or caffeic acid®). This has been attributed to oxidized
phenols reacting with an enzyme’s sulthydryl groups to form cova-
lent linkages and/or oxidative polymerization, causing an increase
in molecular weight, thereby enhancing protein binding through
non-covalent bonds. Indeed, the higher the molecular weight, the
more inhibitory phenolic compounds are found to be in peatlands™.
The latter would also explain the greater effect on DON concentra-
tions and iron scavenging, with both mechanisms having knock-on
effects for nutrient acquisition and bacterial growth and prolifera-
tion (Supplementary Table 2). New evidence’ also suggests that
drought causes the oxidation of soluble Fe** to less-soluble Fe**
and that this may reduce activities of both oxidative and hydrolytic
enzymes, thereby counteracting the ‘enzymic latch’ and enhancing
carbon f)reservation'“‘.

Similar effects were found using in vitro leachate additions from
a suite of wood types and tannic acid (Supplementary Table 3 and
Supplementary Text 3). However, more research is needed on their
potential as a substitute for wood amendments.

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange

Carbon sequestration and ecosystem restoration
applications

Taken together, our results suggest that forest carbon capture com-
bined with peatland storage could improve protection of host eco-
system soil carbon stock, even during drought. We attribute this to
the extra polyphenols that wood releases and their quadruple lock
on decomposition. However, while the results appear to hold across
the UK peatlands and small-scale incubations here, demonstrating
scalability via large-scale studies across a latitudinal gradient would
be prudent before considering these mechanisms in geoengineering
strategies.

Geoengineering pristine systems (for example, Sphagnum peat-
lands covering 3.8 million-4.1 million km (refs. %), Supplementary
Text 4) would be controversial, and the economic and carbon costs
of upscaling the strategies described here (for example, transporting
and inserting supplements) may be prohibitive in remote locations.
However, degraded sites are extensive and inherently more accessi-
ble; globally, 15%:(500,000 km?) are considered degraded (50.9 Mha)
(ref. *°) and 80,000km? are drained®. Leifeld and Menichetti*
called for mitigation via peatland rehabilitation because emissions
could be reduced by 0.3-3.4 GtCO,e while using 3.4 times less:
nitrogen and a smaller land area than other techniques. Our data
suggest that drained and rewetted peat behaves similarly to pris-
tine peat and could, therefore, be supplemented to save double
this (Supplementary Table 4). Peatland restoration combined with
supplementation could thus re-establish and enhance ecosystem
function. We propose that restoration and conservation policymak-
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ers consider supplementation because peatland rewetting alone can
cause increased GHG*' and nutrient release, representing a eutro-
phication risk for receiving aquatic systems.

The evidence from boreal* and temperate peatlands studied
here suggests that wood supplementation may harness natural
ecosystem drought-resistance mechanisms and warrants research
as an approach to offset rising CO, that does not risk collateral
damage®. However, it also offers a potential route to stabilization
of carbon stores via ecological engineering, whereby shrub and
tree encroachment is encouraged (for example, by planting, her-
bivore exclusion or water table management), to create drought-
resistant ecosystems. This would also circumvent the need to
transport supplements and the disturbance due to wood inser-
tion (Supplementary text 4). Indeed, where sufficient nutrients are
available to sustain woody vegetation, natural succession will often
occur from Sphagnum-dominated mire to shrubby and wooded
heath communities*’, and with climate change, arboreal peatlands
are likely to expand™.

We propose the following priorities to understand whether
these approaches could be upscaled: (1) screening wood types for
optimal carbon sequestration and ecosystem soil carbon protec-
tion, (2) determining whether supplements can protect against
droughts across temporal and spatial scales and across peatland
types, (3) investigating the viability of supplementation across ter-
rain types and (4) researching the potential for using industrial
polyphenolic waste products. Furthermore, given the extent of
drained peat and increasing demand for food and energy, both
geological and ecological approaches probably need to be embed-
ded into strategies that sustainably use and profit from restored
peatlands by encouraging peat formation and production of
renewable resources, that is, ‘paludiculture’ (including crops
for food, construction and energy*******). Thus, we encourage
research into ‘geo-paludiculture’ (Supplementary Text 4), which
may hold potential for harnessing natural resilience mechanisms
in waterlogged agriculture?**--,

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, extended data, supplementary informa-
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Methods

Site descriptions. Site characteristics (Supplementary Table 1) are described by
Fenner and Freeman'’, but briefly, the ombrotrophic site (site 1) is represented
by the upland Migneint bog complex and contains ombrotrophic areas fed only
by rainfall with an acidic pH (4.0) and oligotrophic areas where the pH is slightly
less acidic (4.2) due to water inputs from the surrounding land as well as rainfall.
The water table is high (at the surface, that is, 0 cm, to 5cm below the surface

of the peat). The vegetation is dominated by Sphagnum species (S. subnitens, S.
capillifolium), and the peat type is hemist. Organic matter (OM) content is 99%,
and bulk density is 0.05gcm™. The oligotrophic peat (site 2) also has a high water
table (0 cm on average) with an average pH of 4.8. and is generally characterized
by S. subnitens and J. effusus with a hemist texture, OM content of 95% and bulk
density of 0.06 gcm™. Mesotrophic peat was collected from a calcareous lowland
fen (site 3) with a pH of ~6.0 and water table between 0 and —10 cm. Vegetation
is diverse but dominated by J. acutiflorus and Festca rubra. The peat type is fibrist
with an OM content of 94% and bulk density of 0.08 gcm™. Eutrophic peat was
collected from a minerotrophic riparian wetland (site 4) draining farmland in

a U-shaped valley carved out by glaciers in the last Ice Age. The pH is 5.1, and
the site is waterlogged (water table 0 cm). Dominant vegetation is S. recurvum,

J. effusus and Polytrichum species with additional macrophytes, and the peat is
classified as fibrist. OM content is 90%, and bulk density is 0.16 gcm™.

Determining the stability of exogenous carbon in peat. To investigate the
stability of wood (1) when inserted into peat compared with that exposed on the
peat surface and (2) as a result of changes in redox potential of the peat during
drought (anaerobic-aerobic—anaerobic sequence), we used a controlled in vitro
microcosm approach (50 cm®). Peat was collected from the biologically active
surface layer (acrotelm, site 1, Supplementary Table 1) and green vegetation
removed, with the remaining peat being gently homogenized to ensure differences
were due to treatment rather than pre-existing heterogeneity. Uniform wood
pieces (poplar and oak: 10 mm X 10 mm X 2 mm, ~121 mg dry weight; 10 units,

2 cm®) were soaked in site water and inserted 5cm below the surface of the peat.
For the first experiment, peat was maintained under field conditions (anaerobic
with the water table at the surface), and the total incubation time was 60 d*°. For
the second experiment, the incubation time was the same, but it included a 32d
aerobic phase after 14 d. Intensive aeration was carried out using compressed air,
manifold units with flow regulation valves and flexible air lines (autoclavable to
allow sterilization) connected to a pipette tip with an inline sterilizing air filter
(Millipore 0.2 pm, autoclavable). Oxygen saturation was calibrated using an inline
flow metre (Whatman).

Mass loss was calculated according to equation (1), and for experiment 1,
inserted versus exposed wood was compared. For experiment 2, mass loss in
control (waterlogged) microcosms versus the simulated drought microcosms
was measured. To investigate the potential for temperature- or nutrient-mediated
opening of the latch'', we added phenol oxidase weekly in a parallel test within
experiment 2:

1)

where 11,4 is the dry weight of the wood sample before incubation and 1,4 is
the dry weight of the wood sample after incubation.

Investigations into durability and dosage were also carried out using standard
tests. Dosage was investigated using 1, 5, 10 and 20 wood units (for example, 0.2,
1, 2, 4cm?); it was found that low and intermediate doses (5-10 units of wood,
1-2 cm?®) were generally optimal since disturbance effects begin to occur at high
dosages. Standard timber durability tests were carried out at 25°C and 65%
relative humidity'” to confirm timber durability ratings (mass loss <6%, very
durable; 5%-11%, durable; 10%-21%, fairly durable; >20%, little durable; >30%,
non-durable). However, these rely on exposure to one fungal species (Coriolus
versicolor) only, and wood degradation in waterlogged conditions is likely to be
primarily due to bacteria®.

Polyphenolic compounds were quantified colorimetrically at 750 nm on
leachate water treated with alkali (NaCO,) and Folin-Ciocaltaeu reagent*.

Gases were collected using a closed chamber technique*® with CO,, CH, and

N,O concentrations analysed by gas chromatography (Varian model 450 gas
chromatograph). Linearity of gas emissions was first determined by capping the

in vitro systems, microcosms/mesocosms, or using chambers (in the case of in situ
measurements) and removing gas samples after 0, 10, 20, 30, 60, 120, 240 min.
The slope of the regression (R*>0.99, P<0.01) between concentration and time
and increase in concentration (above initial background concentrations) were
used to estimate ‘net’ fluxes (accounting for photosynthesis). GWP was calculated
by summing all gases converted to CO,e* (see Statistics and calculations).

Water content was determined gravimetrically. Plastic controls were included to
account for any potential physical disturbance effects due to treatment but showed
negligible contributions (for example, Supplementary Fig. 3).

Loss of mass in wood % = [ (110 wood /Mg wood ) /M wood) X 100

Effects of peat type on exogenous carbon stability. Intact plant-peat monoliths
in 11 cm x40 cm deep (3,802 cm®) mesocosms were collected from sites 1-4.
Monoliths were maintained under natural conditions (outdoor research

compound) using site water. Severe drought manipulations involved water table
lowering over 14 d to 30 cm (maximum) below the surface, followed by 60d
drought and 14 d rewet phases, mimicking the 2006 severe natural drought (1

in 100yr) effects monitored in the field (natural laboratory), following 2 yr of
waterlogged conditions (depth to water table 0-5cm). Ten poplar wood pieces
(160 mm X 40 mm X 3 mm; ~11 g dry weight; 192 cm®) were inserted vertically to
5cm depth in the plant-peat monoliths, and mass loss and so on were determined
as in the preceding.

Leachate DOC and DON were analysed using a total organic C analyser
(Thermalox, Analytical Sciences). Isotopic signatures (8"°C and §°N) were
determined using an isotope ratio mass spectrometer (Hydra 20/20, SerCon) with
solid (elemental analyser, Costech Instruments) and trace gas (gas chromatograph,
SerCon) interfaces. Liquids (pore water or leachate for DOC and DON analysis)
were first adsorbed to chromosorb (W 30-60 mesh acid washed, SerCon) and
analysed as solids.

Pre-aged oak. Natural fallen oak (Quercus robur >5yr on the surface of park
grassland, Caernarfon, Wales) was inserted into mesocosms collected from site 3
(as in the preceding, Supplementary Table 1).

Hydrological legacy. The effects of hydrological legacy on exogenous carbon
stability were studied using the ‘natural laboratory’, along with the effects of a
natural shift from Sphagnum to woody shrubs as a result of drainage. The site
consists of four flush wetlands in a discontinuous serial cascade located within
a mire peatland system in the Upper Wye catchment (Cerrig-yr-Wyn sub-
catchment) on Plynlimon (mid-Wales, UK, National Grid reference SN 820
866; 52° 26' N, 3°55' W), typical of many in the uplands of Wales. Different
hydrological conditions can be applied to the various wetlands because of
these discontinuities, giving a water table gradient (pristine waterlogged
control > experimental summer drought > experimental rewetting > drained
control") plus associated areas of similar characteristics.

The upper pair (site 2, Supplementary Table 1) have a higher water table with
an average pH of 4.8 in the pristine peatland (water table 0 cm on average) and 4.7
in the increased-drought-frequency peatland (water table 0 cm on average). The
upper two wetlands are characterized by water tables at or near the surface for
non-drought years but, for example, —15 cm for the moderate drought of 1995 and
—30cm for the severe drought of 2006.

The lower pair (experimental rewetting and drained control) have lower water
tables (generally ranging from 49 cm to 9 cm below the surface of the peat in the
drained wetland and between 16 cm and 1cm in the rewetted system) and are more
acidic, pH 4.4 and 4.5, respectively. Hydraulic recharge is from water sources deep
within the peat profile rather than surface flow. During the flood year of 2000,
the control water table ranged between —49 and —7 cm and the experimental site
between —18 and 0 cm, while during the severe drought year of 2006 these figures
were —71 to —27 cm and —58 to —11 cm in the control and rewetted wetlands,
respectively.

The peat is generally characterized by J. effusus, J. acutiflorus and S. subnitens
with a hemist texture, OM content of 95% and bulk density of 0.06 gcm™.
However, the lower pair are characterized by less Sphagnum cover and more
vascular plant and shrub species (Erica tetralix and Calluna vulagris).,

Mechanisms inhibiting decomposition. Polyphenolic concentrations,

enzyme activities and growth rates were measured using routine techniques"
(Supplementary Information). All enzyme activities were measured at field
temperature and pH using 1 cm’® of peat. Phenol oxidase activities were measured
using dihydroxy phenylalanine (L-DOPA) as the substrate, and extracellular
hydrolase activities were measured using fluorogenic methylumbelliferyl (MUF)
substrates. The protocols followed are detailed by Fenner et al**. Briefly, 10 mM
L-DOPA (Merck) and a homogenate of 1 cm® of peat per 2 ml of ultrapure

water was prepared using a low-intensity homogenizer (Stomacher, Seward
Colworth, model 400). The homogenate was diluted 1/1 with ultrapure water,
and 1ml aliquots were transferred to 2.5 ml centrifuge tubes. Then 1 ml L-DOPA
solution or ultrapure water (control) was added to each tube. The tubes were
shaken and incubated at field temperature for 1 or 9 min followed by immediate
centrifugation at 72,000g for 5min. The absorbance was measured at 460 nm
using a spectrophotometer. Original peat samples were dried to constant weight
to determine the dry weight and OM content. Activity was expressed in terms of
nanomoles 2,3-dihydroindole-5,6-quinone-2-carboxylate (digc) min~" g~ peat.
The difference in absorbance, as a result of the two incubation periods, was used
to determine the rate of product formation. Intracellular phenol oxidase (C230)
activity was measured spectrophotometrically (375nm) at pH 7.5 using catechol as
the substrate and detecting the product muconic semialdehyde™.

Peat extracellular hydrolase activities were measured fluorimetrically®': 2 ml
of Methylcellosolve (2-ethoxyethanol (ethylene glycol monoethyl ether) Merck)
was used to pre-dissolve all substrates. Then 1 cm® of peat was gently homogenized
for 30s with 1 ml of ultrapure water. To 1 ml of this peat slurry, 3.5ml of either
500 mM MUF-88-D-glucoside, 1,000 mM MUEF-phosphate or 1,000 mM MUF-
sulphate substrate solution (Merck) was added. These concentrations were above
the concentration at which substrate availability limits activity but below the

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange


http://www.nature.com/natureclimatechange

DispatchDate: 24.02.2020 - ProofNo: 727, p.9

NATURE CLIMATE CHANGE

ARTICLES

concentration at which substrate inhibition occurs. The samples were mixed

and allowed to incubate for 1h at field temperature, except for those peats where
phosphatase was very active, in which case the incubation time was reduced to
45min. Samples (1.5 ml) were then centrifuged at 72,000g for 5min. A range of
standard concentrations of MUF free acid (Merck), within the range of the peat
activities, was made up in the sample matrix (that is, slurry incubated under
identical conditions as those described in the preceding, except for the substrates).
Saturation concentrations for the assay were established by varying concentrations
of MUF substrate (0-4 mM) added to samples. A luminescence spectrometer
(Perkin-Elmer LS50) was used to determine fluorescence, at 450 nm emission and
330 nm excitation (slit setting 1), immediately after centrifugation.

Bacterial growth rates were estimated using incorporation of °H into bacterial
extractions from 1-3 g of peat'’ and 40 ml of ultrapure water according to ref. **.
Extractions were performed on a shaker for 15min using 40 ml of ultrapure water.
A sample of 1-3 g was optimal (>75% extraction efficiency). Washed glass wool
was used to remove remaining floating organic debris following centrifugation to
separate cells from organic matter. [Methyl-*H]TdR (925 GBqmmol~', Amersham)
was added to 2ml of bacterial suspension, giving a final concentration of 100 nM.
Zero-time controls were included to determine the level of non-specific labelling
in each case. All samples were read on a Wallac (Winspectal 1414) scintillation
counter.

‘Follow-up’ in vitro leachate and tannic acid additions. The effects of adding
polyphenolics leached from the chips of poplar (Liriodendron tulipifera), oak
(Quercus robur), alder (Alnus glutinosa) and black locust (Robinia pseudoacacia;
very durable under waterlogged conditions™), sapele (Entandrophragma
cylindricum; tropical African distribution) and tannic acid (across a range

of concentrations; Merck) was investigated in vitro using peat from site 1
(Supplementary Table 1) to better understand potential mechanisms and

viability for geoengineering techniques. Leachate was collected from wood

chips incubated in ultrapure water for 12 months and added to 30 cm® of peat in
50 cm® microcosms. Tannic acid (10 mgl~!, gallotannin, tannin, MW =1,701.20,
Merck) treatments used concentrations matched to that of the natural leachates
measured from wood additions (Supplementary Table 4) and were chosen due to
the considerable literature suggesting that tannic acid is primarily responsible for
antimicrobial effects and because it is commercially available. Control microcosms
consisted of ultrapure water added to peat. The focus was on N levels, since
NAGase along with N,O showed the highest suppression, and iron, because
phenol oxidases rely on it for their activity, with these enzymes being most affected
(extracellular phenol oxidase and intracellular C230).

‘Knock-out’ procedures, used to disentangle, for example, effects on pre-
existing extracellular enzyme activities compared with de novo synthesis
(described in ref. '), confirmed that all four proposed mechanisms of antimicrobial
activity and toxicity were likely to contribute to the properties conferred on the
host peat and again were enhanced in under-oxygenation.

Statistics and calculations. Minitab (version 17) was used for all statistical
investigations. Data were first tested for normality and equality of variance before
paired T tests, ANOVA or regression analysis was done. For in vitro work, averages
for distinct periods were calculated, for example, aerobic phase or anaerobic phase
for control versus wood treatments’’. Similarly, for the mesocosms, averages for
distinct periods were calculated, and paired T tests were used. ANOVA (GLM;
ANOVA) was used to determine whether supplements induced a significant effect
at each trophic level overall or during the drought phase. Paired T tests were used
to determine significance at each trophic level, both overall and under drought
conditions within trophic systems and across systems (that is, using all data with a
comparison between treatments and control). Regression analysis using categorical
predictor coding was used to investigate relationships between trophic level and
determinands for control and wood-treated mesocosms, both overall and for the
drought phase. GLM ANOVA with treatment and trophic level as the model was
used to determine that interactions were additive rather than synergistic™.

For the hydrological legacy work, mesocosms (1 =5) taken from within
each peatland type were used as replicates, and paired T tests were used as in the
preceding. The effect of treatment was confirmed at site 2 (Supplementary Table 1)
in situ, as were the effects of shifts in vegetation as a result of drainage.

We adopted GHG emission factors from ref. ** by including CO,, CH, and
N,0, but not DOC, due to the large ungertainty in downstream reactions. GWP
refers to the 100yr time horizon®. The saving in GWP of 0.9x 10 g y~' to

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange

1.0x 10" gy~ CO,e was based on the in situ study (site 2, Supplementary Table 1).
It was determined by summing the three GHG species (average over 3yr in CO,e)
expressed in gkm=y~" (that is, 9.41E 408 and 4.57E + 08 for control and wood
addition, respectively) then multiplying the saving in GWP (that is, the difference)
by 3.8 million and 4.1 million to find the range depending on area of peatlands
used (3.8 million km? lower, 4.1 million km? upper)>* then assuming that half this
area might be accessible for wood supplementation.

Data availability
The data that support the findings of this study are available from the
corresponding author on request. Source data for Figs. 1-5 are included with the

paper.

Code availability
The releyant code for this study is available from the corresponding author on
request.
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