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Abstract

Many of the world’s peatlands have been affected by water table drawdown and subsequent loss of organic matter.
Rewetting has been proposed as a measure to restore peatland functioning and to halt carbon loss, but its effectiveness is
subject to debate. An important prerequisite for peatland recovery is a return of typical microbial communities, which drive
key processes. To evaluate the effect of rewetting, we investigated 13 fen peatland areas across a wide (>1500 km)
longitudinal gradient in Europe, in which we compared microbial communities between drained, undrained, and rewetted
sites. There was a clear difference in microbial communities between drained and undrained fens, regardless of location.
Community recovery upon rewetting was substantial in the majority of sites, and predictive functional profiling suggested a
concomitant recovery of biogeochemical peatland functioning. However, communities in rewetted sites were only similar to
those of undrained sites when soil organic matter quality (as expressed by cellulose fractions) and quantity were still
sufficiently high. We estimate that a minimum organic matter content of ca. 70% is required to enable microbial recovery.
We conclude that peatland recovery after rewetting is conditional on the level of drainage-induced degradation: severely

altered physicochemical peat properties may preclude complete recovery for decades.

Supplementary information The online version of this article (https://
doi.org/10.1038/s41396-020-0639-x) contains supplementary
material, which is available to authorized users.
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Introduction

Peatlands store vast amounts of soil carbon (C): estimates
indicate that ca. 455-500 Gt C is stored in northern peat-
lands alone [1, 2]. This considerable C stock is increasingly
destabilized by peatland degradation, which is pre-
dominantly driven by widespread water table drawdown
and drought events driven by anthropogenic drainage [3]
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and climate change [4]. Water table drawdown causes the
oxygenation of organic matter, which triggers cascading
effects on microbial activity and physicochemical properties
of the peat [4-6]. The resulting peatland degradation
contributes to the emission of CO, to the atmosphere [3],
the release of dissolved organic carbon and nutrients to
pore and surface water [4], and the loss of biodiversity
resulting from the disappearance of specialized peatland
biota [7, 8].

The primary goals of peatland restoration are to reduce
carbon and nutrient losses, to restore biodiversity and peat-
forming vegetation, to retain water on a landscape scale,
and to eventually restore the peatland’s function as a carbon
and nutrient sink. Typically, rewetting is a first crucial step
in restoration attempts that aim to bring a drained peatland
back to its predegradation state [3, 9, 10]. The re-
establishment of waterlogged conditions is key to restore
peat-forming vegetation and to attain an environment in
which aerobic microbial metabolism and enzyme activity
are suppressed [5], thereby creating more favorable condi-
tions for renewed peat accumulation. Since a large share of
peatlands across the globe are currently drained and there-
fore emitting rather than sequestering carbon [11, 12], large-
scale peatland restoration by rewetting has the potential to
substantially contribute to the mitigation of global warming
within several decades, given that the initial increase in
methane emission is outweighed by relatively fast methane
turnover in the atmosphere and the peatland’s renewed
carbon sink function.

However, a major uncertainty is whether rewetting alone
is sufficient to fully restore drained peatlands [3, 4, 9].
Restoration hinges to a large extent on whether microbial
communities, and the ecosystem functions they perform,
return to the state prior to peatland degradation. This is
crucial, as microbial communities are among the primary
drivers of ecosystem functioning by controlling nutrient
cycling and greenhouse gas emission and uptake [13].

Currently, a limited number of studies have investigated
microbial community assembly after rewetting in acidic and
rainwater-fed peatlands (=“bogs”) [14, 15], while even
fewer studies have focused on microbial recovery in base-
rich and groundwater-fed peatlands (“fen peatlands” or
“fens”) [16, 17]; the dominant peatland type in the tempe-
rate zone. Among others, a recent study suggested that
microbial community composition in fens is only weakly
impacted by the drought-rewetting cycle [17], which would
imply a high microbial resilience. However, those obser-
vations were based on a short-term experiment with a
drought-rewetting cycle of only a few months, while many
peatlands have been heavily drained for decades to centuries
prior to rewetting. In such peatlands, multiple reasons can
exist of why microbial recovery to a predegradation state
may be hampered after rewetting.
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First, water table drawdown alters the peat matrix
through a complex interplay of cascading biogeochemical
processes [4], which affect the physicochemical properties
of the peat. Since microbial communities are limited by
(mainly labile) carbon sources and nutrients for their
metabolism and growth [4, 18], altered soil organic matter
[peat] quantity and quality, an increase in bulk density, and
the release of nutrients following peat oxygenation may
cause long-term irreversible shifts at the microbial com-
munity level. To date, it is not well known to what extent
past drought-induced shifts in physicochemical peat prop-
erties preclude microbial recovery after peatland rewetting.

Second, many undrained pristine peatlands are covered
by a dense living moss carpet, i.e., primarily peat mosses
(Sphagnum spp.) in bogs and members of the Amblyste-
giaceae family in fens. These mosses provide a continuous
supply of fresh organic matter to the oxic—anoxic interface
and provide an ideal habitat for many microbes, such as
nitrogen-fixing and methanotrophic bacteria [15, 19, 20].
Peatland drainage generally results in a decline of moss
cover and moss diversity in favor of vascular plants, while
rewetting rarely leads to complete or even partial moss
carpet recovery [9, 21]. Such incomplete recovery may in
turn hamper recovery of the peatland bryosphere and of the
microbial communities it hosts.

To investigate whether rewetting of drained fen peat-
lands leads to microbial recovery, we studied the vertical
depth stratification of microbial communities and predicted
functional gene profiles in undrained, drained and rewetted
sites over a longitudinal transect in Europe. We specifically
focused on prokaryotes (bacteria and archaea) as they form
the dominant and highly active microbial group in peatlands
[22]. We hypothesize that drainage-induced peatland
degradation, including loss of organic matter and a reduc-
tion of moss cover, causes shifts in microbial community
composition and in profiles of the microbes’ predicted
functional genes, and that such shifts cannot simply be
reversed by rewetting over the short to medium term (i.e.,
several years to decades) covered by our study.

Materials and methods
Study sites and sampling design

We selected a total of 39 fen sites divided over 13 regions in
temperate lowland Europe, covering a wide (>1500km)
longitudinal gradient (Fig. 1 and Table S1 for metadata).
The longitudinal gradient coincides with a climatological
gradient from an oceanic (west, with mild winters and mild
summers) to a continental (east, with cold winters and warm
summers) climate. In each region, we selected three fen
sites with a peat thickness of at least 0.5 m and with a
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Fig. 1 Geographical locations of the study sites. A total of 39 fen
sites were selected at 13 regions across Europe: each region contained

different “drainage status”: one undrained site, a nearby
drained site and a nearby rewetted site. Classification of
sites into these three drainage categories was primarily
based on our expertise in combination with knowledge on
fen history from local researchers and land owners. Our
expertise was based on (i) observations on the presence of
drainage ditches, (ii) observations of groundwater levels at
the time of sampling, and (iii) analysis of vegetation
structure and composition. For undrained (i.e., near-natural)
fen sites we selected sites that do not have a known history
of drainage, further evidenced by a substantial cover of
sedges (Carex spp.) and brown mosses (i.e., typical fen
vegetation), the lack of drainage ditches, and groundwater
levels near the peat surface for most of the year. Drained fen
sites are characterized by obvious water table drawdown
(often < 0.5 m below the surface, typically in summer), the
high prevalence of drainage ditches, and the appearance of
plant species typical for moist or wet grasslands. Rewetted
fen sites are defined as previously drained sites in which
groundwater levels have been restored to peat surface level
as an outcome of local fen restoration projects or dam
building by beavers. This was typically followed by the re-
appearance of the aforementioned fen plant species, which
also assured that rewetting had occurred at least a few years
to several decades prior to our sampling campaign (suc-
cessional changes in vegetation composition require several
years). The exact drainage duration prior to rewetting is not
known, but is in the range of many decades to centuries for

an undrained site, a nearby drained site and a nearby rewetted site
(Map data © OSM).

all sites. Pore water pH was slightly acidic to circumneutral
at all sites (6.45+0.33, min = 5.6, max = 7.1; measured in
the field with portable equipment, WTW Multi 340i; WTW,
Weilheim, Germany).

To ascertain that the rewetted sites overall did not differ
from the undrained sites in terms of current water regime,
we calculated Ellenberg moisture indicator values based on
vegetation composition in 2 x 2-m plots [23] (Table S1).
These indicator values are considered reliable in providing a
proxy for overall plot “wetness” related to soil moisture
content and groundwater level [24]. We found no sig-
nificant difference between moisture indicator values of
rewetted (range = 7.12-9.33, mean = 8.27) and undrained
(range = 7.66—8.87, mean = 8.30) sites (P <0.98), which
both were significantly higher than indicator values of the
drained (range = 6.33-7.88, mean = 7.25) sites (P <(.001,
all tested by one-way ANOVA and post hoc Tukey’s HSD).
In each site we selected an 8 x4-m study plot that was
covered by a homogeneous stretch of vegetation. Peat was
sampled using a saw and a Russian peat corer (Eijkelkamp
Soil and Water, Giesbeek, NL), with which relatively
undisturbed peat cores can be collected, from the end of
May through June 2017 at three depths: 0-5, 15-20, and
45-50 cm (for a total of 117 soil samples). Samples were
always composed of five well-mixed subsamples (per
depth). Sampling equipment was thoroughly washed with
demineralized water between each use. A second set of
volumetric samples (250 cm® at depths 0-5 and 15-20 cm,
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and 50 cm® at 45-50 cm) was extracted pairwise for soil
bulk density calculations. All samples were individually
packed in PE bags and aluminum foil, cooled immediately
after collection, and deep-frozen at the end of each day.

Environmental characteristics

Soil bulk density (kg L™') was determined by weighing
oven-dried (70 °C) soil samples with known volumes. Total
organic matter content was determined by loss on ignition
(450 °C, 4 h).

To assess quality of the peat soil and specifically of the
organic matter fraction, we determined alpha-cellulose
(“cellulose” hereinafter) and acid-detergent fiber (ADF)-
lignin content (“lignin” hereinafter) using the sequential
ADF method [25]. In short, cetyltrimethylammonium-
bromide is added to 0.5-1g of dried and ground sub-
sample, after which the mixture is boiled for 1 h to dissolve
proteins, DNA, and most hemi-cellulose. Samples were
then rinsed through a filter cup, dried at 105°C and
weighed. Next, 72% sulfuric acid (H,SO,) was added to
dissolve cellulose, after which samples were again rinsed,
dried, and weighed. Finally, lignin was removed from the
samples by loss on ignition, and samples were again rinsed
dried and weighed. Cellulose and lignin contents were
expressed as fractions of total organic matter content, and
are a measure of organic matter quality.

Cover of the moss layer (% of total surface) was visually
estimated in a 2 x 2-m subplot within each 4 x 8-m plot.

Molecular analyses

Frozen peat samples (~600ml each) were thoroughly
homogenized through crushing with a chisel (cleaned with
70% ethanol between each sample), subsampled to ~10 g,
and lyophilized. DNA was extracted from a 0.01 to 0.1 g
subsample of the lyophilized peat using the PowerSoil DNA
Isolation Kit (MO BIO, Carlsbad, CA, USA), following the
manufacturer’s protocol, and quantified using the dsDNA
Assay Kit and Qubit fluorometer (Invitrogen, Carlsbad,
CA, USA).

We subjected 5 ng of DNA to a polymerase chain reac-
tion (PCR) with the F5S15/R806 primer set [26] targeting an
~250 bp stretch within the V4 region of the /65 rRNA. PCR
mixtures of 25 ul contained 200 nM of each primer, 1X HF
buffer, 200 uM of each dNTP, and 0.25 U of Phusion High-
Fidelity polymerase (Thermo Scientific, Waltham, MA,
USA). PCR conditions consisted of an initial denaturation
step at 98 °C for 60 s, followed by 25 cycles of: denatura-
tion at 98 °C for 30 s, annealing at 55 °C for 30 s, extension
at 72 °C for 30s; and an additional extension step at 72 °C
for 10 min. PCR products were subsequently diluted and
dual barcoded primers with Illumina adapters were added in
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an initial step at 98 °C for 60 s, 12 cycles at 98 °C for 10,
63 °C for 30's, 72 °C for 30 s; and a final extension at 72 °C
for 5 min. PCR products were run on a 1.5% agarose gel to
confirm successful PCR amplification and to confirm that
negative controls were empty (and in case of failure the
procedure was repeated). Successful amplicons were nor-
malized and purified using a SequalPrep Normalization
Plate Kit (ThermoFisher Scientific, Waltham, MA, USA),
pooled, and additionally gel extracted to completely remove
primer-dimers with the Nucleospin Gel cleanup kit
(Machery-Nagel, Diiren, Germany). The library was then
quantified through qPCR (KAPA Library Quantification
Kit, Kapa Biosystems, Wilmington, MA, USA) on a
BioRad CFX96 thermocycler (BioRad, Hercules, CA,
USA), and sequenced on the Illumina MiSeq platform
(Ilumina Inc; San Diego, CA, USA) with 300 cycles for
paired-end reads using V3 chemistry. Phospholipid fatty
acids (PLFA’s) were quantified according to standard
methodology [27-29], see the Supplement for a detailed
description.

Taxonomic community composition

Demultiplexed paired-end reads were joined, their primers
removed, filtered at 0.5 maximum expected error, clustered
at 97% operational taxonomic units (OTUs), chimeric
sequences discarded, and mapped to produce an OTU table
using USEARCH v10 [30]. Taxonomy was assigned to
representative OTUs using the SILVA 16S database (ver-
sion 128) with the assign_taxonomy.py function in QIIME
[31]. Non-prokaryotic 16S sequences were parsed from the
OTU table leaving a total of 3,358,385 reads in the
117 samples. All samples were then rarefied to 20,000 reads
per sample, leaving 24,714 unique OTUs, with the excep-
tion of 15 samples that contained less reads (between 3440
and 19,577). To allow comparison for diversity and com-
munity composition analyses, data from all samples were
converted to fractions by normalization.

Prokaryote functional gene prediction and selection

OTUs (clustered at 97%) that were represented by more
than 100 reads across all samples were further subjected to
the PICRUSt2 program (phylogenetic investigation of
communities by reconstruction of unobserved states) to
predict metagenomes [32, 33].

In short, this procedure predicts the relative abundance of
functional genes (expressed as Kegg Orthologs (KOs)) in a
16S OTU community from the phylogenetic conservation
of these genes in all currently sequenced and assembled
prokaryotic genomes. Briefly, it aligns all OTUs to a
reference tree after which it predicts the presence and
abundance of genes from their phylogenetic placement
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relative to the fully sequenced genomes, accounting for 16S
copy numbers. For our dataset, this resulted in a total of
7029 KOs (=“Complete KO dataset”). In addition to this
complete dataset, we also selected a small set of functional
genes that we perceived as relevant for fen functioning, with
a focus on nitrogen (N), methane (CH,), and sulfur (S)
cycling. To do this, we performed an automated query of all
KOs that contained either of the words ‘ammon’, ‘nitr’,
‘meth’, ‘sulfa’, and ‘sulfi’ in the function description, after
which two researchers (WJE and EV) scored (1-10 scale)
the remaining KOs for perceived relevance to nutrient and
methane cycling. Relevance was assessed by looking up the
individual KOs in the KEGG-database (Accessed December
2018, https://www.genome.jp/kegg), as well as by a query
in Web of Science to see if the KO matches with a relevant
(=N, S, or CHy4 related) process. Both scores were posi-
tively correlated (r=0.7, P <0.001), and only KOs with a
cumulative score of at least 17/20 were included. For clo-
sely related KOs (e.g., methyl-coenzyme M reductase alpha
and beta subunits (mcrA and mcrB) [EC:2.8.4.1]) we only
randomly selected one KO, resulting in a final selection of
24 KOs (=*“Reduced KO dataset”). Relative functional gene
abundance per sample was calculated by dividing the
number of predicted genes per sample by the total number
of reads per sample.

As a check, we verified the accuracy of PICRUSt2 pre-
dictions using one microbial test group, i.e., methanogens,
with qPCR on a set of 72 randomly selected peat samples
using the same 16S primers as above (but without multi-
plexing adapters) and primers targeting the methyl-
coenzyme-M reductase (mcrA) gene (responsible for
methanogenesis) [34]. Prior to this gPCR all DNA isola-
tions were additionally cleaned using one-step PCR inhi-
bitor removal kit (Zymo research, Irvine, CA, USA) and re-
quantified using Qubit. gPCR was performed in duplicate
reactions using KAPA SYBR fast (Roche, Basel, Switzer-
land) with the following cycling conditions: 95 °C for 180s
followed by 40 cycles at 95 °C for 3 s, 57 °C for 20s, and
72°C for 12s. For standards, diluted cleaned-up PCR
products were used and it was ascertained that accuracy was
high through a linear model of log-transformed concentra-
tions on Cq’s (R*>0.993). Copy numbers of genes were
estimated through Qubit measures of standards assuming a
length in bp’s of 292 for 16S and 478 for mcrA. Finally, we
divided mcrA copy numbers by total 16S copy numbers to
obtain relative mcrA abundances (per sample), which we
then compared with relative mcrA abundances as predicted
by PICRUSt2.

Statistical analyses

All analyses were performed in R 3.5.1 and significance for
statistical tests was accepted at P <0.05.

For data visualization, we performed nonmetric multi-
dimensional scaling (k=2) based on Bray—Curtis dissim-
ilarity indices for the normalized (1) sample*OTU
taxonomy matrix (97% clustering) and (2) the sample*KO
functional gene matrices (Repeated for both the “Complete”
and the “Reduced” KO dataset). Differences in community
composition and predicted functional genes across depth
and fen drainage status, and the interaction between these
two factors, were tested with permutational analysis of
variance (permanova) with 999 iterations, using the func-
tion ‘adonis’ in which we included plot location as a
blocking factor (‘strata’) to account for within-plot depen-
dence of the three depths. Environmental variables that
were significantly correlated with microbial community
composition were visualized as vectors onto the ordination
(‘envfit’ function with 999 iterations). Next, we calculated
Shannon diversity indices within each sample as a measure
for prokaryote alpha diversity.

In addition to these main analyses at the 97% OTU level,
we also aggregated data at the phylum level for the 15 phyla
with highest relative abundances (the remaining phyla were
grouped in a rest group, which had individual across-sample
mean relative abundances <0.6%).

Next, linear-mixed effect models were used to test for the
effects of fen drainage status (factor: undrained-rewetted—
drained) and depth (as factor) on relative abundance of each
phylum, Shannon diversity index and prokaryote PLFA
concentration. Plot location was included in the model as a
random factor to account for within-plot dependence of the
three depth classes. If the interaction term in the models
were nonsignificant, we re-ran the tests including main
effects only. PLFA concentrations first had to be logl0
transformed to conform to normality of the model residuals.

For the following analyses we focused on the top (0-5
cm) peat layer only as this is (i) the biologically most active
layer and (ii) primarily and most heavily affected by water
table drawdown. We compared the predicted relative
abundance of selected genes (“Reduced KO dataset”) that
contribute to dominant biogeochemical processes in drained
and rewetted fens to their relative abundances in undrained
fens (=control group), and we calculated the standardized
mean differences (SMD-H) of each of the selected KOs
between the undrained—rewetted (U-R) fens and the
undrained—drained (U-D) fens.

Finally, for all individual samples collected in the top
peat layer, we calculated microbial community dissim-
ilarities in relation to average taxa abundances in undrained
fens, which was done by averaging all Bray—Curtis dis-
tances from a sample to all samples collected in the top
layer of undrained fens (based on the sample*OTU tax-
onomy matrix (with 97% clustering)). We then correlated
(Pearson’s r) these mean microbial community dissim-
ilarities to the environmental variables measured in rewetted

SPRINGER NATURE
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fens and in drained fens to investigate which environmental
factors explain whether the microbial community resembles
undrained fens after rewetting.

Results

Prokaryote community composition, biomass, and
diversity

We used high-throughput amplicon sequencing with 97%
OTU clustering to determine prokaryote community com-
position in fen sites that differed in drainage status (drained,
rewetted, and undrained). Community composition was
primarily determined by depth (Permanova pseudo-F =
20.34, R2:0.248, P<0.001) and to a lesser extent by
drainage status (Permanova pseudo-F =445, R?>=0.055,
P <0.001), with a significant interaction effect between
depth and fen drainage status (Permanova pseudo-F = 1.51,
R>=0.037, P=0.031, Fig. 2). Differences in microbial
community composition that were related to fen drainage
status were most pronounced in the top (0—5 cm) soil (R
top layer only =0.132, R*> mid layer only =0.121, R?
deepest layer only =0.116). Here, microbial community
composition differed between drained and undrained fens
(Permanova pseudo-F = 4.94, R?>=0.170, P< 0.001) and to
a lesser extent also between drained and rewetted fens
(Permanova pseudo-F =2.23, R>=0.085, P= 0.013), but
we found no significant differences in overall community
composition between undrained and rewetted fens (Perma-
nova pseudo-F = 1.27, R =0.052, P =0.168).
Furthermore, there was a distinct vertical depth stratifi-
cation in most phyla: Actinobacteria, Acidobacteria, and
Bacteroidetes had a higher relative abundance near the soil

surface, whereas Bathyarchaeota, Chloroflexi, Ignavi-
bacteriae, Euryarchaeota, and Nitrospirae were relatively
more abundant in one of the deeper layers (Fig. SI,
Table S2). For several phyla there was an interaction effect
between depth and fen drainage status: Aminicenantes
(overall increase with depth) and Proteobacteria (overall
decrease with depth) showed a much more pronounced
vertical stratification in undrained fens compared with
drained fens, whereas the opposite pattern was visible for
Spirochaetae (overall increase with depth) (Fig. SI,
Table S2). Acidobacteria, Gemmatimonadetes, and Nitros-
pirae were relatively more abundant in drained fens than in
undrained fens, whereas Chloroflexi were more abundant in
undrained fens. Shannon diversity index H (based on 97%
OTU clustering) was also determined by an interaction
effect between fen drainage status and depth (F=3.9, P =
0.006, Fig. 3a). Highest prokaryote diversity was found in
the topsoil of undrained fens, which also exhibited a more
distinct depth stratification (Fig. 3a). Diversity in drained
fens was generally lower and showed no significant
decrease with depth. Total prokaryote biomass as estimated
by PLFA concentration decreased with depth (F=296.6,
P<0.001) and also differed between fens of different
drainage status (F =3.88, P =0.030), with a higher con-
centration in drained fens (Fig. 3b).

Predicted functional profiles and potential
biogeochemical shifts

The composition of predicted prokaryote functional genes
was mainly determined by depth (Complete dataset and
reduced dataset respectively: Permanova pseudo-F = 41.47
and 99.39, R? = 0.404 and 0.606, P < 0.001, Fig. S2) and by
fen drainage status (Complete dataset and reduced dataset,

Fig. 2 Nonmetric
multidimensional scaling
(NMDS, stress = 0.187) of
prokaryote community
composition at three depths
and three drainage stages in
39 fen sites across Europe. The
analysis is based on Bray—Curtis
dissimilarity indices for the
normalized (1) sample*OTU
taxonomy matrix (97%
clustering after 16S rRNA
sequencing). Variables (vectors)
that are significantly correlated
with microbial community
composition were rescaled and
moved from the center of the
ordination to the top left corner.
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Fig. 3 Prokaryote diversity and biomass at three depths and three
drainage stages in 39 fen sites across Europe. a Prokaryote diver-
sity, expressed as Shannon diversity index, is calculated based on 97%

respectively: Permanova pseudo-F = 5.30 and 8.60, R> =
0.0516, and 0.0525, P <0.001, Fig. S2). In the top layer, the
relative abundances of the predicted genes related to
methanogenesis, methane oxidation, N fixation, nitrate
respiration and dissimilatory sulfate reduction were on
average lower in drained fens than in undrained fens
(Fig. 4). In contrast, genes related to denitrification and
nitrate reduction (both assimilatory and dissimilatory) and
assimilatory sulfate reduction tended to be relatively more
abundant in drained fens than in undrained fens (Fig. 4).
Rewetted fens occupied an intermediate position between
drained and undrained fens and 95% confidence intervals of
the abundance estimates overlapped in most cases with the
baseline of average values for undrained fens (Fig. 4),
suggesting a high overall similarity between relative func-
tional gene abundance in rewetted and undrained fens. For
the mcrA gene, PICRUSt2 predictions of relative mcrA
abundance correlated with estimations based on qPCR
(R*=0.59, df =70, P<0.001, Fig. S3).

Environmental controls on microbial community
assembly

Microbial community compositions in the top layer of
rewetted fens were more dissimilar to those of undrained
fens with decreasing organic matter content (P = 0.005,
df =11, Fig. 5a) and with increasing bulk density (P =
0.006, df =11, Fig. 5b). Within the topsoil of undrained

OTU clustering after 16S rRNA sequencing. b Prokaryote biomass is
estimated by prokaryote PLFA concentration (per L soil). U undrained
sites, R rewetted sites, D drained sites.

reference peatlands, the maximum microbial community
dissimilarity equaled 0.612 (excluding one outlier, vertical
boxplots in Fig. 5). By using this boundary value in the
modeled relationship between microbial community dis-
similarities versus organic matter contents in rewetted fens
(i.e., regression line in Fig. 5a, with equation y=
—0.0022%x + 0.7722), we estimated that a minimum topsoil
organic matter content of 72.8% (i.e., ca. 70%) would be
required for a rewetted fen to be within the microbial
community dissimilarity range of undrained fens.

Furthermore, microbial community  dissimilarities
increased with a decreasing cellulose fraction of organic
matter (P=0.003, df =11, Fig. 5c), while there was no
correlation with lignin fractions (P = 0.442, df = 11, Fig. 5d).

We found no significant correlation between microbial
community dissimilarities in rewetted fens (compared with
undrained fens) with the climatological/longitudinal gra-
dient (P = 0.333, df = 11, Fig. 5e) or with moss cover (P =
0.750, df =11, Fig. 5f). For drained fens, none of the
environmental variables correlated with microbial commu-
nity dissimilarity from undrained fens (Fig. 5).

Discussion
We studied microbial communities in undrained, drained,
and rewetted fens across a climatological gradient in tem-

perate Europe to investigate whether rewetting of drained
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peatlands leads to recovery of the communities and their
predicted functional profiles. We found that the microbiome
can often recover from drainage through the process of
rewetting, as microbial communities in rewetted fens were
usually within the natural range of variation of undrained
fens. This response was independent of location along the
gradient. However, in line with our hypothesis, highest
recovery was observed in those rewetted fens where the
physicochemical properties of the peat soil, as expressed by
organic matter quantity and quality, had not been severely
altered.

Depth stratification

Depth was the primary determinant of microbial community
composition and functional profiles, in line with most pre-
vious studies [35-37]. In other words, microbial commu-
nities at equal depths in different fens were generally more
similar than were microbial communities at different depths
within the same fen. Also in line with the majority of studies
[37-40], prokaryote diversity was highest in the top peat
layer and decreased with depth. A similar trend was
observed for prokaryote biomass, which decreased
approximately an order of magnitude across the depth
profile. The explanatory effect of fen drainage status on
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microbial communities was most pronounced in the topsoil
and decreased with increasing depth. This result was
expected: (1) drainage-induced peat oxidation and degra-
dation starts in the top peat layer and then gradually pro-
gresses into deeper layers, and (2) deeper layers are usually
anoxic regardless of drainage status. The dominant effect of
depth on microbial communities is likely imposed by
increasing energetic constraints caused by a vertical strati-
fication in the availability of O, and of alternative electron
acceptors, carbon [peat/substrate] quality, quantity and
input rate, and possible dispersal limitations due to a
decreased hydraulic conductivity and peat compaction [37].
Therefore, microbes at greater depths require specific spe-
cializations to thrive in such energetically constraining and
oxygen-depleted environments [36, 37, 41]. In support, we
indeed found a higher relative abundance of archaeal phyla
such as Bathyarchaeota or Euryarchaeota with increasing
depth (Fig. S1), which are known to thrive in anoxic
organic habitats.

Environmental controls on microbial recovery in
rewetted fens

It has been suggested that microbial communities are quite
resilient to shifts in substrate quality brought about by land
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Fig. 5 Environmental variables in drained (dots) and rewetted
(triangles) fens in relation to microbial community dissimilarity to
undrained fens. Environmental variables include: a soil organic
matter content (%), b soil bulk density (kg L1, ¢ cellulose fraction of
organic matter, d lignin fraction of organic matter, e longitude of the
study site, and f moss cover (%). Microbial community dissimilarities
are based on Bray—Curtis dissimilarity results (after 16S rRNA
sequencing and 97% OTU clustering) from each individual (drained or

use change [42], or to the drainage-rewetting cycle [17]. In
our study, microbial communities of rewetted fens were
largely similar to communities of undrained fens, also
suggesting substantial recovery by rewetting. This pattern
appeared independent of location along the climatological
(=oceanic-continental) gradient. However, there was also a
high variability in recovery among rewetted fens. Sub-
sequent correlative analyses revealed that a higher microbial
community dissimilarity was observed in rewetted fens in
which soil organic matter contents were relatively low, i.e.,
with an estimated organic matter content less than ca. 70%.
This threshold estimate should be seen as indicative: the
negative linear relationship between organic matter content
and microbial community dissimilarity suggests a con-
tinuum of decreasing rewetting success with decreasing
organic matter content, without indicating a tipping point.
We believe that the observed shifts in microbial com-
munity composition in rewetted fens should be a direct
consequence of drainage-induced shifts in physicochemical

rewetted) sample of the top peat layer (0-5 cm) to all the samples
collected in the top layer of undrained fens: the larger the dissimilarity,
the more the microbial community deviates from communities in
undrained fens. The horizontal boxplots represent the range of the
environmental values in undrained fens, the vertical boxplots represent
the range of microbial community dissimilarities within undrained fens
only. Pearson’s correlation coefficients (r) are given in each plot;
significance is indicated with **P <0.01.

properties of the peat matrix, as the latter are not quickly
reversed by rewetting [4, 21]. Drainage and concomitant
peat oxidation result in rapid loss of organic matter and
subsequent alterations of carbon sources, nutrient release,
and soil compaction [4, 43, 44], while undrained peatlands
are characterized by high-organic matter contents and low-
bulk densities as also confirmed by our study (horizontal
boxplots in Fig. 5a, b).

In support, our data also showed that drained and
rewetted fens on average had a lower cellulose fraction than
undrained fens, which suggests that not only quantity but
also quality of organic matter was altered. Cellulose is the
most abundant carbohydrate in plants and is easier to
decompose than lignin, especially in anoxic environments
[45], and its hydrolysis is an important source of energy and
carbon for peatland microbes.

In addition to the aforementioned results, it is possible
that microbial recovery in rewetted fens may be co-
determined by other factors such as time since rewetting
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or overall rewetting success, which differs between the
rewetted study sites (Table S1). Although the lack of
accurate data precludes detailed analyses including these
two variables, a classification of the rewetted fens in our
study in short (<10 years, four fens), medium (10-25 years,
five fens), and longer (>25 years, four fens) time since
rewetting suggests that there were no significant differences
between these groups in (i) fen organic matter contents or
(i1) microbial community dissimilarities to undrained fens
(Fig. S4; Spearman’s correlation test, P>0.05 for both
variables). This may be because the fens in our dataset were
rewetted only between a few years and several decades ago,
which is probably a too short time span to significantly
reverse drainage-induced physicochemical shifts: even
under good conditions, fen peat accretion rates are esti-
mated to be as low as 0.35—0.89mmyeaf1 [46, 47]. Fur-
thermore, Ellenberg moisture indicator values of the
rewetted fens, which can be used as a proxy for overall site
wetness and thus for overall “rewetting success”, also did
not correlate significantly with fen organic matter contents
(Spearman’s rho = —0.03, P=0.906) or with microbial
community dissimilarities to undrained fens (Spearman’s
rho = —0.33, P =0.27).

Finally, we also hypothesized that a drainage-induced
reduction of moss cover may cause shifts in microbial
community composition. Recovery of a dense moss carpet
may be an additional prerequisite for microbiome recovery
in rewetted peatlands, as it characterizes the vegetation of
undrained peatlands (horizontal boxplot in Fig. 5f).
Although this statement probably holds for specific groups
such as methanotrophs [15, 20, 48], we found no significant
correlation between moss cover in rewetted sites and overall
microbial community dissimilarity to undrained sites. It is
known from bogs that especially Sphagnum cover deter-
mines whether a rewetted bog resembles pristine bogs over
a similar time-scale as studied here [15], however we see no
such trends in the cover of brown mosses in our fens.

In the drained fen sites, none of the predefined envir-
onmental variables correlated significantly with microbial
community dissimilarity to undrained sites. This indicates
that other (unmeasured) environmental variables determine
prokaryote community composition in the drained sites,
among which high oxygen availability and high redox-
potential are plausible candidates.

Taken together, our results suggest that drainage-induced
and short-term irreversible changes in quantity and quality
of soil carbon, as well as changes in quality or input rates of
fresh organic compounds [49, 50], may constrain micro-
biome recovery upon rewetting. It is plausible that the
rewetted sites with a more intact physicochemical peat
matrix may have only been subject to relatively shorter and
milder drainage histories, which make them more easily
restorable to predegradation conditions.
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Degradation-induced shifts in functional profiles of
peatland microorganisms

We observed clear taxonomic shifts from undrained to
drained fen sites: drained sites contained a higher proportion
of the phyla Acidobacteria, Gemmatimonadetes, and
Nitrospirae, whereas undrained sites contained relatively
more Chloroflexi. Since most prokaryote phyla contain
members that occur in a wide range of contrasting envir-
onments, shifts in taxonomy on the phylum level are not
easily translated to shifts in fen functioning.

Here, predictive functional profiling of taxa provides
more insight in potential shifts in ecosystem functioning.
Functional profiling indeed revealed a strong functional
distinction between drained and undrained sites. Drained
sites were, for example, characterized by a lower relative
abundance of genes involved in methanogenesis, methane
oxidation, N fixation, nitrate respiration, and dissimilatory
sulfate reduction in the top layer, while genes related to
denitrification and nitrate reduction (both assimilatory and
dissimilatory) and assimilatory sulfate reduction were rela-
tively more abundant in drained sites. However, shifts in
relative gene abundances still need to be interpreted with
caution, mainly because (i) shifts are relative and do not
represent shifts in absolute abundance and (ii) the function
of certain genes is not always obvious. Nonetheless, shifts
in some well-known genes are easily interpretable. For
instance, the observed drop in methane-related genes
(methanogenesis (e.g., mcrA) and methanotrophy (e.g.,
pmoA)) after drainage was expected: methanogenesis relies
on waterlogged and anoxic conditions, whereas microbe-
mediated methane oxidation relies on a continuous supply
of CH,4 on the oxic—anoxic interface [10]. Rewetted sites
occupied an intermediate position between drained and
undrained sites in terms of relative functional gene abun-
dance, but the 95% Cls for all but three genes (narP, nifH,
and cysH genes) overlapped with the undrained baseline
(Fig. 4). These results suggest a substantial prokaryote
functional recovery after rewetting, in line with other results
presented in this study.

Conclusion

We provide empirical evidence that a substantial recovery
of microbial communities and their functional profiles can
be accomplished by rewetting drained fen peatlands, indi-
cating high levels of microbial resilience. However, drai-
nage legacies, such as the loss of organic matter quantity
and quality, which are not easily reversed, may preclude
complete recovery on a decadal time span. We stress that
additional drainage of hitherto undrained peatlands should
therefore be avoided, and the immediate rewetting of
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recently or mildly drained peatlands is of pivotal importance
to quickly restore peatland functioning. Conversely,
rewetting of long-term or severely drained peatlands may
result in a substantial reduction of greenhouse gas emissions
[51], but it may not result in full microbiome recovery
within a reasonable time span.
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