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mental and societal consequences. Rewetting is an option to restore lost ecosystem
functions, such as carbon storage, biodiversity and nutrient sequestration. Peat mosses
(Sphagnum) are the most important peat-forming species in bogs. Most Sphagnum
species occur in nutrient-poor habitats; however, high growth rates have been
reported in artificial nutrient-rich conditions with optimal water supply.

Here, we demonstrate the differences in nutrient dynamics of 12 Sphagnum species
during their establishment in a 1-year field experiment at a Sphagnum paludiculture
area in Germany. The 12 species are categorized into three groups (slower-, medium-
and fast-growing). Establishment of peat mosses is facilitated by constant supply of
nutrient-rich, low pH, and low alkalinity surface water.

Our study shows that slower-growing species (S. papillosum, S. magellancium, S. fus-
cum, S. rubellum, S. austinii; often forming hummocks) displayed signs of nutrient
imbalance. These species accumulated higher amounts of N, P, K and Ca in their
capitula, and had an elevated stem N:K quotient (>3). Additionally, this group
sequestered less C and K per m” than the fast and medium-growing species (S. denti-
culatum, S. fallax, S. riparium, S. fimbriatum, S. squarrosum, S. palustre, S. centrale).
Lower lawn thickness may have amplified negative effects of flooding in the slower-

doi:10.1111/plb.13534 . .
growing species.

e We conclude that nutrient dynamics and carbon/nutrient sequestration rates are
species-specific. For bog restoration, generating ecosystem services or choosing suit-
able donor material for Sphagnum paludiculture, it is crucial to consider their compat-
ibility with prevailing environmental conditions.

INTRODUCTION

Intact peatlands provide valuable ecosystem services as the
world’s carbon (C) densest ecosystem (Temmink et al. 2022),
hydrological buffers, and by supporting unique biodiversity
(Joosten et al. 2012; Minayeva et al. 2017). However, draining
peatlands to facilitate agriculture and forestry has been shifting
peatlands into substantial sources of carbon (Leifeld & Meni-
chetti 2018), leading to land subsidence, eutrophication and
biodiversity loss (Renger et al. 2002; Joosten et al. 2012). Spe-
cifically, temperate and boreal bogs (ombrotrophic, mainly
rainwater-fed) are important peatland types that are shaped by
Sphagnum (peat moss) (Sjors 1950; Rydin & Jeglum 2013;
Temmink et al. 2022). Bringing the groundwater level back to
the near-surface level (rewetting) is an effective long-term miti-
gation option (Giinther et al. 2020). Paludiculture, the produc-
tive use of wet and rewetted peat soils, both preserves the peat

and allows farming practices after rewetting (Wichtmann
et al. 2016). For example, the production of Sphagnum biomass
as a sustainable alternative for horticultural growing media
(Sphagnum paludiculture), regains lost ecosystem services,
including water retention, biodiversity and nutrient sequestra-
tion (Temmink et al. 2017; Gaudig et al. 2018; Vroom
et al. 2020).

Nevertheless, rewetting alone does not guarantee successful
Sphagnum establishment and growth, as it also depends on
available diaspores, water levels and nutrients: essential ele-
ments that sustain life and plant growth (Temmink et al. 2017;
Gaudig et al. 2018; Brown et al. 2022). Sphagnum thrives at
water levels a few centimetres below the Sphagnum surface,
with a low pH, bicarbonate (HCOj3") concentration and opti-
mal nutrient stoichiometry (Gaudig et al. 2020; Koks
et al. 2022). While naturally occurring in nutrient-poor envi-
ronments, Sphagnum can still be negatively affected by an
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unbalanced supply of macronutrients, namely nitrogen (N),
phosphorus (P) and potassium (K), during their establishment
and in the long term (Chapin et al. 1986). Nutrient deficiency
occurs when plants are not receiving sufficient nutrients, while
toxicity occurs when an element is in excess of the plant’s needs
and decreases growth or quality (Chapin ef al. 1986; Wilson
1993). Under natural bog conditions, N and/or P are typically
limiting nutrients for Sphagnum (Bragazza et al. 2004; Fritz
et al. 2012). When the balance is disturbed and there is an
excessive amount of available N, it can become toxic to Sphag-
num, as the N surplus cannot be used by the increased growth
(Limpens et al. 2003). The excess N leaches through the upper
moss layer, which provides a competitive edge to vascular
plants, leading them to overgrow and outcompete the Sphag-
num (Limpens ef al. 2003; Tomassen ef al. 2003). Evidence sug-
gests that some Sphagnum species can thrive under high N
when the nutrient NPK stoichiometry is optimal, i.e. there is
also a sufficient supply of P and K (Temmink et al. 2017; Gau-
dig et al. 2020). In optimal nutrient conditions, the N:K (quo-
tient between N and K) in Sphagnum capitula should remain
well below 3, and N:P (quotient between N and P) below 30
(Bragazza et al. 2004). Species-specific stoichiometric thresh-
olds are yet to be developed. However, nutrient stoichiometry
is not only dependent on the availability of nutrients, but also
on the capacity of uptake by Sphagnum (Clymo 1963; Soudzi-
lovskaia et al. 2010; Fritz et al. 2014). Sphagnum cell walls have
a high cation exchange capacity (CEC), taking up nutrient cat-
ions (e.g. NH,*, K*, Mg**, Ca®*) in exchange for protons
(Rice 2009). Ombrotrophic Sphagnum species are better
adapted to low-alkaline and cation-poor conditions compared
to minerotrophic (groundwater-fed) species (Koks et al. 2022).
Therefore, they are more likely to take up cations from ion-
rich irrigation water until they reach saturation due to a higher
risk of nutrient shortage (Spearing 1972).

So far, long-term studies on nutrient dynamics in Sphagnum
paludiculture have focused on nutrient uptake, transfer, and
spatial and temporal cycling within the moss and in the ecosys-
tem (Temmink et al. 2017; Vroom et al. 2020). However, these
studies focused only on a few Sphagnum species, while a wide
variety of Sphagnum mosses occur in natural peatlands, differ-
ing in traits and environmental requirements (Daniels &
Eddy 1985; Michaelis 2019). To explore species-specific bio-
mass yields, Prager et al. (2023) conducted a multi-species
study and found that S. denticulatum > S. fallax > S. riparium
>S. fimbriatum > S. squarrosum produced high amounts
(mean >4,200 kg-ha™-year™") of dry mass in the establishment
phase under optimal water and nutrient conditions. However,
it is still unknown how species differ in their nutrient stoichi-
ometry and sequestration during the establishment phase (i.e.
the first year after introduction).

Therefore, we studied species-specific optimal nutrient stoi-
chiometry and sequestration rates in the establishment phase
of a new Sphagnum paludiculture, with nutrient-rich condi-
tions and constantly high watertables. Specifically, we aim to
evaluate (1) whether the growth rate of selected Sphagnum spe-
cies can be explained by nutrient stoichiometry in the capitu-
lum, and (2) whether the nutrient stoichiometry can be linked
to nutrient uptake and carbon sequestration. To tackle this, we
performed a field experiment in a Sphagnum paludiculture field
in NW Germany using 12 model species representative of a
large ecological range (ombrotrophic to minerotrophic) and
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growth potential (Prager ef al. 2023). The species were grouped
in fast-, medium- and slower-growing groups. We hypothe-
sised that (i) the faster-growing (fast- and medium-growing)
Sphagnum species would adapt to the available nutrient pool
by maintaining a nutrient balance, which enhances their car-
bon and nutrient sequestration; and (ii) the slower-growing
species would be unable to adapt to the available nutrient pool,
leading to nutrient imbalance and lower carbon and nutrient
sequestration. Slow growth may increase the exposure to flood-
ing during rain events and deteriorate growth conditions for
hummock species.

MATERIAL AND METHODS
Study site and experimental setup

The studied Sphagnum paludiculture area is located in Han-
khauser Moor, NW Germany (53°15.80'N, 08°16.05"E;
Fig. 1). The bog, with a 2.0-2.5-m thick peat layer overlaying
sand, has been drained (without extracting the peat) and used
as an agricultural grassland for six decades, until land use was
changed to paludiculture. To study differences in nutrient
stoichiometry and sequestration for the 12 selected Sphagnum
species (Table 1), a new experimental field was established in
2019. To acquire optimal Sphagnum paludiculture conditions
(Gaudig et al. 2018), a basin of 10 X 50 m was constructed by
removing 30 cm of the strongly degraded topsoil (comparable
to earlier experimental blocks on this site; Vroom et al. 2020)
and surrounded by a 0.5-m wide and deep irrigation ditch
(Fig. 1). To avoid desiccation and inundation, the ditch is
connected to an automatic irrigation system, which maintains
the water table at ca. 9 cm below the peat surface (Figure S1).
The irrigation water originates from the nearby stream
‘Schanze’. A total of 12 Sphagnum species were selected for
the experiment, based on their productivity potential and
suitability as raw material for horticultural purposes (Prager
et al. 2023). In a pre-selection mesocosm experiment, the
highest productivities for each species of different origins
within Europe had been identified and the most productive
1-3 origins were selected for the field experiment (Prager
et al. 2023; Table S1). To enable optimal water and nutrient
supply, a total of 84 plots of 60X 60 cm or 45X 45 cm were
established adjacent to the irrigation ditch by spreading
Sphagnum founder material to 80% cover in September—
November 2019 (Fig. 1). Vascular plants were removed four
times a year to limit their growth.

Biomass sampling for nutrient analyses and measuring
Sphagnum lawn thickness

To analyse nutrient content in the Sphagnum capitula (0-1 cm,
shoot apex with branches not fully developed; ¢f. Clymo 1973)
and stems, Sphagnum biomass was sampled from each plot by
cutting 15 X 15 cm plugs down to the peat surface (easily recog-
nizable by a much stronger degree of decomposition) 1 year
after spreading (September—November 2020; for more details,
see Prager et al. 2023). The fresh Sphagnum biomass was
separated into capitula and stems, dried for 48 h at 70 °C,
and ground using a centrifugal ball mill (18,000 rpm for 1-2
min; Fritsch pulverisette 14, Idar-Oberstein, Germany) to
homogenize each sample.

2 Plant Biology © 2023 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.
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Fig. 1. (A) Location of the study site in NW Germany (map source: European Economic Area), (B) set-up of the experimental field and (C) photograph of

Sphagnum plots 1 year after establishment (photo credit: S.A. Kaarmelahti).

Table 1. Studied Sphagnum species grouped by growth rate (Prager
et al. 2023) with number of replicates (in brackets).

fast medium slower

S. denticulatum (6)
S. fallax (9)

S. riparium (6)

S. fimbriatum (2)
S. squarrosum (9)

S. palustre (15)
S. centrale (6)

S. papillosum (12)
S. magellancium (9)
S. fuscum (2)

S. rubellum (12)

S. austinii (6)

Sphagnum lawn thickness was recorded in each plot before
cutting (at five points in each plot) by measuring the distance
between the Sphagnum surface and the peat surface below.

Surface and pore water collection and watertable
measurements

We used water sampling methods similar to those in Vroom
et al. (2020). Surface water in the ditch and stream was sam-
pled each month from September to November 2020. We
used vacuum syringes connected to ceramic cups to filter out
large and suspended particles. Porewater in the Sphagnum
layer (ca. 2 cm below peat moss surface) and in the peat (0-6

cm below the peat surface) was collected using vacuum syrin-
ges attached to a rhizon soil moisture sampler (Rhizosphere
Research Products, Wageningen, the Netherlands). Each water
sample was divided and stored in (a) a 10-ml tube containing
0.1 ml 65% nitric acid (HNOj3) at 4°C and (b) 10-ml pot at
-20°C. The phreatic watertable was measured in the ditch
within a perforated plastic tube every hour using an automatic
data logger with automatic compensation for barometric fluc-
tuations (pressure transducer; Hydrotechnik HT Type 575;
Figure S1).

Chemical analyses

Total N and C in the Sphagnum capitula and stems were deter-
mined from 4-5 mg of each milled biomass fraction using an
elemental CNS analyser (Vario Micro cube; Elementar Analy-
sensysteme, Langenselbold, Germany). Total P, K, Mg and Ca
were determined by digesting ca. 200 mg dried moss material
in 4 ml nitric acid (HNO3; 65%) and 1 ml hydrogen peroxide
(H,0O,; 30%) in Teflon vessels, followed by heating in a micro-
wave oven (EthosD, Milestone, Sorisole Lombardy, Italy). Ele-
ment content was determined using inductively coupled
plasma emission spectrophotometry (ICP-OES, Thermo
Fischer Scientific, Bremen, Germany).
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Water pH and alkalinity were determined the day after sam-
pling using an Ag/AgCl electrode (Orion Research, Beverly,
MA, USA) and a TIM 840 Titration Manager (Radiometer
Analytical SAS, Villeurbanne, France). Concentrations of K, P,
Mg and Ca in water samples were measured using inductively
coupled plasma optical emission spectrometry (ICP-OES-
ARCOS Spectro Analytical; Kleve, Germany). Ammonium
(NH, "), nitrate (NO5") and phosphate (PO,>) concentrations
of water samples stored at -20 °C were determined by colori-
metric methods (Auto Analyser III, Bran and Luebbe GmbH,
Norderstedt, Germany).

Calculation of nutrient sequestration

Nutrient sequestration of N, P, K, C, Mg and Ca was calculated
using the nutrient contents measured and biomass fractions ‘capit-
ula’ and ‘stems’ collected after 1 year by Prager et al. (2023). Total
sequestration for each Sphagnum plot was calculated as:

Stot = Ba(rc x C¢ +rs x Cs)

where S,,, is the total sequestration (kg-ha™-year™), B, is the
total accumulated biomass (capitula and stems together;
kg-ha'-year™), rc is the fraction of capitula in the biomass, Cc
is the nutrient content in capitula (kg-kg™), rs is the fraction of
stems in the biomass, and Cg is the nutrient content in the
stems (kg-kg ™).

Statistical analyses

Statistics were performed using R version 4.1.2 (R Core
Team 2021). Sphagnum species were divided into three groups
based on their growth potential analysed with boosted regres-
sion tree modelling using biomass yield data for fast-,
medium- and slower-growing groups (Prager et al. 2023). Dif-
ferences in capitula nutrient content (C, N, P, K, Mg, Ca), ele-
ment quotient capitula:stem (C, N, P, K, Mg, Ca), nutrient
quotients in capitula (C:N, N:P, N:K, K:Mg, K:Ca) and seques-
tration (C, N, P, K, Mg, Ca) between the three groups were
evaluated using linear mixed effects models (Pinheiro
et al. 2021), followed by anova. Land of origin was included as
a random factor. When differences were significant, a post-hoc
test was applied (Tukey multiple comparisons of means) using
emmeans (Lenth 2018). Normality and homogeneity were
checked visually using residual plots. Non-normally distributed
data were log10, square-root or 1/X transformed. Significance
was assumed at P <0.05. Plots were created using ggplot2
(Wickham 2016).

Kaarmelahti, Temmink, van Dijk et al.

RESULTS
Nutrient concentrations in the water and average watertable

Nutrients in the peat were evenly distributed over all plots.
Nutrient concentrations and pH values in the irrigation ditch
and stream water were generally higher than in the peat and
moss pore water, with the lowest values in the moss layer
(Table 2). The stream had the highest nutrient concentration
with intermediate levels of alkalinity and pH. Average water
table relative to the peat level (+SE) in September 2019—
November 2020 was -9.0 £ 0.1 cm (Figure S1).

Sphagnum lawn thickness and nutrient content in Sphagnum
capitula and stems

The average (£SE) Sphagnum lawn thickness 1 year after the
experiment’s installation, was lower for the slower-growing
group (2.8 0.1 cm) than for the medium- (4.4 £ 0.4 cm) and
fast-growing (4.7 £0.3cm) groups (F;,=14.7, P <0.0001;
Table S2). Among nutrients, we observed differences between
groups for C (F;,=4.3, P=0.02), N (F,,=4.7, P=0.01), P
(F.,=54, P=0.006), Mg (F,,=7.0, P=0.002) and Ca
(F1,=5.2, P=0.008) content in the capitula (Fig. 2, Table 3
for descriptive statistics, Table S2 for statistical output). Specif-
ically, the average N, P, Mg and Ca contents of the slower-
growing Sphagnum group were higher compared to the
medium-growing and the fast-growing groups. The maximum
N and P values were as high as 17.8 (S. rubellum) and 2.8 (S.
austinii) mg-g' DW (dry weight) in the capitula, respectively.
However, the average N, P, Mg and Ca content did not differ
between medium- and fast-growing groups, and the average
capitula K content did not differ between any of the groups.

When observing the differences in nutrient content between
capitula and stems (capitula:stem element quotient), we found
higher content in the capitula for all nutrients except for Ca.
Additionally, we found a group effect for P, with larger quo-
tients (e.g. S. denticulatum 1.6 +£0.4) for the fast-growing
group (F;, = 3.3, P=0.04; Tables 3, Table S2); in contrast, Mg
values were larger (e.g. S. austinii 1.7 £0.0) for the slower-
growing group (F;,=7.1, P=0.001). The element quotients
for N, K, C and Ca did not differ between the three groups.

Nutrient quotients in Sphagnum capitula and stems

Most elemental quotients in capitula differed between groups:
CN (F;,=4.6, P=0.01), NK (F,=4.0, P=0.02), K:Mg
(F;,=8.2, P<0.001) and K:Ca (F, , =6.3, P=0.003), but not
N:P (F,,=2.0, P=0.1) (Fig. 3, Table 4 and Table S2). For the

Table 2. Nutrient concentrations (pmol~|4), pH and alkalinity (meq-l’1) in peat pore water (Peat) from 0 to 6 cm below peat surface, moss pore water (Moss)
from ca. 2 cm below moss surface, surface water from the irrigation ditch (Ditch) and the stream ‘Schanze’.

NO5 NH,* PO, p K Mg Ca pH alk
Unit pmol-I! pmol-I’ pmol-I’ pmol-|! pmol-I! pmol-|! pmol-I! meq-|"’
Peat 84 1+£0 27 +£2 1M+1 12+1 39+£2 114+5 139+8 4.7+£0.03 NA
Moss 84 441 7+1 3+0 3+0 26+2 85+4 112+6 45+0.04 NA
Ditch 12 5+3 37+ 11 7+2 23+8 77+10 141+6 270 £ 25 5.84+0.1 0.4+0.1
Stream 8 14+£5 126 £44 9+3 38+ 15 114+12 160+ 10 318 +27 5.9+0.1 0.6+0.1

Reported values are mean + SE (NA, not analysed).
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Fig.2. Content of C, N, P, K, Ca and Mg in capitula (mg-g™' DW) for each species within each growth group (fast-, medium- and slower-growing). Bars are
mean =+ SE. See Table 1 for replicates and Table S2 for statistical results.
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Table 3. Nutrient content mg-g’1 (capitula), element quotient (concentration of C, N, P, K, Mg and Ca in capitula normalized by stem concentrations; capit-

ula:stem) g-g' and sequestration kg-ha™'-year™" (capitula + stem).

Group C N P K Mg Ca
Nutrient content (mg-g™") Fast 434.9+0.7 9.4+0.4° 1.140.1° 4340.2° 1.54+0.09° 3.940.3°
Medium 4388+1.1° 10.1+0.5% 1.04+0.1° 4.840.4° 1.840.1° 3.84+0.4°
Slower 4349+ 1.1% 12.0 £0.4° 1.5+0.1° 5.0+0.2 2.2+0.07° 5.3+0.3°
Element quotient ent (g-g™") Fast 1.14+£0.0° 1.24+0.17 1.440.1° 1.14£0.12 1.04+0.0% 0.74+0.0°
Medium 1.140.0° 1.0£0.0? 1.34£0.1%° 1.240.1° 1.140.12 0.74£0.12
Slower 1.140.0° 1.04£0.0? 1.34£0.1° 144012 1.34+0.0° 0.840.0°
Sequestration (kg-ha™-year™) Fast 1540 4+ 131° 30.242.3°7 3.1+0.3° 15.5+1.3° 5.0+0.4° 16.9+1.7°
Medium 1370 £ 172° 29.7 £3.5° 2.7+0.4° 13.3£1.5° 4.6+05° 14.6+£1.5°
Slower 930 + 80° 25.9+2.12 2.6+0.3° 8.8+0.7° 3.9+0.3° 129+ 1.6

Reported values are mean =+ SE. Significant differences between groups are indicated by different letters.

slower-growing group, the C:N, K:Mg and K:Ca quotients were
lower than for the medium-growing and the fast-growing
groups. N:P quotients were statistically similar among all the
groups, however, ranging from a minimum value of 4.9 (S.
denticulatum) up to a maximum of 18.8 (S. palustre). The
slower-growing group had a higher N:K quotient (2.5 average)
than the fast-growing group, while this did not differ from the
medium-growing group.

In the case of stems, there were differences in C:N (F;, =
5.1, P=0.008), N:K (F;,=15.5, P < 0.001) and K:Mg (F, , =
9.3, P<0.001) quotients between the groups. Stems in the
slower-growing group had lower C:N and K:Mg quotients and
higher N:K ratio than the fast- and medium-growing groups
(Table 4 and Table S2). The N:P quotients in the stems were
higher and K:Ca ratios lower than in the capitula.

Carbon and nutrient sequestration

The amounts of sequestered C and nutrients differed between
the groups only for C (F; , =5.0, P=0.009) and K (F,,=7.8, P
< 0.001; Fig. 4, Table 3 and Table S2). The slower-growing
group sequestered less C and K than the fast-growing group,
but a similar amount of C compared to the medium-growing
group. Sphagnum species sequestering the most C (1.8 £0.2
and 1.7+ 0.3thayear"), N (33.4£57 and 31.944.6
kg-ha'-year') and P (4.04+0.9 and 3.4 +0.6kg-ha "year"),
on average, were S. denticulatum and S. fallax from the fast-
growing group. S. denticulatum also sequestered the most K
(18.9 & 2.9 kg-ha'-year™') together with with fast-growing S.
riparium (17.0 + 1.1 kg-ha'-year") and S. fallax (16.4+2.9
kg-ha™-year™).

DISCUSSION
Nutrient availability and nutrient dynamics in Sphagnum

Nutrient dynamics of 12 Sphagnum species, categorized into
three groups, slower- (S. papillosum, S. magellancium, S. fus-
cum, S. rubellum, S. austinii), medium- (S. palustre, S. centrale)
and fast-growing (S. denticulatum, S. fallax, S. riparium, S. fim-
briatum, S. squarrosum), were examined under similar
nutrient-rich and constantly wet field conditions. Generally,
the species categorized as fast-growing are better adapted to
these minerotrophic conditions, whereas the slower-growing
species, mostly ombrotrophic bog species occupying

hummocks and dry lawns, do not usually grow under such
nutrient-rich conditions (Sjors 1950; Daniels & Eddy 1985;
Lamers et al. 1999; Rydin & Jeglum 2013). Our results reveal
that 1year after installation, the slower-growing group dis-
played signs of nutrient imbalance. Specifically, the slower-
growing Sphagnum species had the lowest capitula C:N, K:Mg
and K:Ca quotients, highest stem N:K quotient and the highest
concentrations of N, P, Mg and Ca. Furthermore, the fast-
growing group accumulated less of these nutrients and had
higher capitula quotients. Based on the capitula nutrient quo-
tients of N:P and N:K, there is no evidence of P or K limitation
in these groups (Bragazza et al. 2004). Interestingly, stem N:K
quotient in the fast-growing group stayed well below 3, whereas
the slower-growing group exceeded this threshold, suggesting
first signs of K deficiency among the slower-growing sphagna
(Hoosbeek et al. 2002; Bragazza et al. 2004).

The capitula N:P quotients were generally low and similar
among all three groups. Nearly all capitula N:P quotients were
close to or below 10 (group means 8.9-10.3) which Aerts
et al. (1992) considered as a threshold for N limitation. P-rich
irrigation water potentially lowered N:P quotients below 10,
despite elevated N availability (atmospheric, irrigation). Mean
capitula N content was found to be below saturation for the
fast- and medium-growing groups, being between 9.4-10.1
mg-g”', but approaching saturation for the slower-growing
group, at 12 mg-g”' (Table 3; Lamers et al. 2000), thus prevent-
ing growth limitation by N. Bragazza et al. (2004) reported a
change in Sphagnum plants from being N-limited at atmo-
spheric deposition >10kg-N-ha"'-year™', which corresponds to
an N content of 9.5-13.6 mg-g” in hummock and lawn species
in peatlands of Europe. As in our study we have similar N con-
tent and higher deposition (23 kg-N-ha™'-year™'; UBA 2016), as
well as extra load from irrigation water (see Temmink
et al. 2017; Vroom et al. 2020), we exclude a growth limitation
by N. The differences in N content may be explained by the
higher growth rate (Prager et al. 2023), which, consequently,
may have led to growth dilution of the nutrient content (Jarrell
& Beverly 1981; Fritz et al. 2014; Krebs et al. 2018) as well as
different species-specific metabolic adaptations to high N sup-
ply (¢f. Bragazza et al. 2005; Gaudig et al. 2020). High N con-
tent (>20mg-g"') can be toxic and hinder Sphagnum growth
(Granath et al. 2009; Fritz et al. 2012; Gaudig et al. 2020), but
no toxic N concentrations (>20 mg-g') were exceeded for any
of the three groups or for individual species (with one excep-
tion: 1XS. rubellum stem: 20.1 mg-N-g™') in this study. We

6  Plant Biology © 2023 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.
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Fig. 3. Nutrient quotients C:N, N:P, N:K, K:Mg and K:Ca in capitula for each species within each growth group. Bars are mean + SE. See Table 1 for replicates

and Table S2 for statistical results.
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Table 4. Capitulum and stem C:N, N:P, N:K, K:Mg and K:Ca ratios (g g™') for each group.

Group C:N N:P N:K K:Mg K:Ca
Capitula(gg™) Fast 48.6 +2.0° 9.6 +0.4° 23+0.1° 3.1+£0.2° 1.440.1°
Medium 46.4+2.8° 10.3+£0.6% 2.2+£0.08% 2.8+0.2° 1.440.07°
Slower 38.1+1.3° 8.9+0.4° 25+0.1° 2.3+0.08° 1.0 +0.05°
Stem (gg™) Fast 52.7 +3.0° 11.4+£0.5° 2.140.12 3.0£0.2° 0.940.12
Medium 44.8 +3.9° 12.9+0.9? 244012 2.8+0.12 0.8+0.12
Slower 35.1+1.5° 11.3+0.5° 3.440.2° 2.340.1° 0.74+0.1

Reported values are mean =+ SE. Significant differences between groups are indicated by different letters.

speculate that dilution by fast C accumulation (e.g. growth)
prevented N accumulation in capitula beyond toxic levels as
even the slower-growing group showed vigorous growth.

When focusing on P and K stoichiometry, the N:P and N:K
quotients in our experiment were much lower compared to
values found at high N deposition sites (up to 20kg-N-ha™'--
year''; Bragazza et al. 2004). Specifically, the quotients in our
study ranged from 1.2 to 3.6 for N:K and 4.9 to 18.9 for N:P,
while those of Bragazza et al. (2004) were as high as 3.0-4.7
and 26.5-39.2, respectively. That study also showed generally
lower N:K quotients in lawns than in hummocks (purely
ombrotrophic) under high N stress levels. As P limitation
occurs at N:P >30 and K limitation at N:K >3 (Bragazza
et al. 2004), our data highlight that P and K were not limiting
or co-limiting. Here, we argue that this can be explained by
their sufficient supply from irrigation water and the agricul-
tural legacy (Temmink et al. 2017; Vroom et al. 2020; Table 2).
In contrast, high stem N:K quotients (>3), together with sub-
stantially lower (ca. 40% difference) K sequestration rates of
the slower-growing group may indicate the start of K (co-) lim-
itation (Hoosbeek et al. 2002), increasing the risk of K defi-
ciency in the following growing seasons. Moreover, in previous
studies on this Sphagnum paludiculture site in the peatland
Hankhauser Moor, low quotients of N:P (mean 11.2) and N:K
(mean 2.4) for S. palustre, S. papillosum and S. fallax were
observed after 3 years (Temmink ef al. 2017) and 2.5-7.5 years
(Vroom et al. 2020) after installation. In contrast, the capitula
P (mean 1.0-1.5 mg-g’l; Table 3) and K content (mean 4.3-5.0
mg-g”') were lower in the present study (1 year after installa-
tion). While nutrient limitation seemed to be absent, we can
conclude that slower-growing species sequestered C and K at
lower rates than the faster-growing species. Lower lawn thick-
ness of the slower-growing species may have increased their
susceptibility to flooding over time, e.g. after rainfall, compared
to medium- and fast-growing species. Moreover, slower-
growing species like S. fuscum, S. rubellum, S. austinii and S.
papillosum may exhibit intrinsically low growth rates (cf.
Gunnarsson 2005).

Interestingly, we found high capitula Ca and/or Mg contents,
especially among the slower-growing species. This may be
explained by the higher cation exchange capacity of species
growing naturally more distant from the influence of cation-
rich water (Spearing 1972; Vicherova et al. 2017), which applies
to species of the slower-growing group. Also, the slower growth
might lead to a higher accumulation of nutrients in the capit-
ula (Figs 2 and 3). Lackemariam et al. (2018) found that if Ca
and/or Mg dominate the cation exchange over K in agricultural
soils, this may reduce K availability and potentially result in K
deficiency for plants, because the divalent Mg and Ca are more

easily absorbed by plants as opposed to monovalent K* (Breuer
& Melzer 1990). In addition, for Sphagnum the affinity of K*
to the cell wall exchanger can be enhanced by a low content of
competing polyvalents and low pH (Héjek & Adamec 2009).
For this reason, K content does not solely depend on the K
availability, but also depends on the relative amounts of other
cations. The surface water and pore water concentrations of
Mg and Ca were higher at our field site (Table 2) compared to
bogs and were comparable to poor fens and minerotrophic fens
(Horton et al. 1979; Hajek et al. 2006; Hdjkova & Hajek 2007).
As such, the slower-growing group (corresponding to hum-
mock/bog species) are not well adapted to such conditions, as
opposed to most of the fast-growing species, which occur
under more minerotrophic conditions (Daniels & Eddy 1985;
Wojtun 1994). Consequently, the high Mg and Ca concentra-
tions might have reduced C and nutrient sequestration through
reduced K uptake of the slower-growing group (Rice 2009).
Yet, the importance of this mechanism for different Sphagnum
moss species remains to be determined in more detail. Never-
theless, the slower-growing species (typically non-calcitolerant
bog species) did not show dramatic signs of nutrient imbal-
ance/toxicity in this study. However, C sequestration rates in
Sphagnum biomass of the slower-growing group were still sub-
stantial compared to those of Gunnarsson (2005). It cannot be
ruled out that the peat mosses were flooded by slightly alkaline
and mineral-rich water during rain events. Alkaline flooding,
which occurs rarely at this experimental site (Vroom
et al. 2020), is more likely to occur in natural conditions
(Granath et al. 2010; Vicherova et al. 2017). This might have
severe consequences for the slower-growing group, being less
likely to ‘out-grow’ negative effects of flooding (Lamers
et al. 1999; Granath et al. 2010; Harpenslager et al. 2015; Koks
et al. 2022).

Among groups, we did not observe large differences in nutri-
ent translocation (nutrient cycling within the moss) from stem
to capitula (capitula:stem quotient; Table 3). This is an
expected result in a nutrient-rich environment, as translocation
from the old tissues to younger tissues is more likely to take
place when nutrient availability is low (Vitousek 1982; Bridg-
ham et al. 1995). However, the fast-growing group displayed
higher P translocation to the capitula compared to the slower-
growing group (except for S. austinii, which had a very high
mean quotient of 1.9), most likely induced by a higher require-
ment to sustain growth. Overall, P quotients were much closer
to those of natural unfertilized sites than those of N and K,
which were much closer to the results acquired from N and/or
P fertilized experiments with a higher supply in N and P (Fritz
et al. 2012). Even though no group effect on the capitula:stem
K quotients was observed, there was a substantial difference

8  Plant Biology © 2023 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.
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between mean N:K ratios in capitula (2.5) and stems (3.4) in
the slower-growing group, indicating differing K economics,
possibly linked to the high capitula:stem Mg quotients within
this group. However, further research should provide more
insight into the co-uptake and ion translocation mechanisms
within Sphagnum.

Carbon and nutrient sequestration

The sequestration rates of C and nutrients of peat mosses dur-
ing the establishment phase were generally high at this site,
despite differences in nutrient dynamics between the groups.
For instance, Turunen et al. (2004) recorded an average recent
accumulation rate of 18 kg:N-ha™-year" on 23 ombrotrophic
bogs in eastern Canada, where N deposition range was 3-8
kg:N-ha"-year. This discrepancy may be explained by N, fixa-
tion by symbiotic microorganisms in the peat and mosses (Vile
et al. 2014; van den Elzen et al. 2018). Lateral influx of ammo-
nium from ditch water is an alternative explanation (Table 2).
All species-specific N sequestration rates in our study displayed
higher N accumulation than the above example, except for S.
fuscum (mean 10.3 kg-N-ha™'-year™), ranging from 19.7 (S. fim-
briatum) to 33.4 (S. denticulatum) kg-N-ha™'-year™, on average,
in the establishment phase. In addition, S. magellanicum in our
experiment sequestered 10 times more N (22.3kg:N-ha™--
year') on average than in natural bogs in Patagonia (2.2
kg-N-ha™.year''; Fritz et al. 2012). Such differences may be
explained by the higher nutrient load, nutrient availability and
biomass growth. For example, N deposition was below 2
kg-N-ha™-year" in Patagonia (Fritz et al. 2012), while it was 23
kg-N-ha™'-year" at our study site (UBA 2016). Furthermore,
Sphagnum mosses at our site were influenced by nutrient-rich
irrigation water (in terms of N, P and K) which yielded high
loads (Vroom et al. 2020; Temmink et al. 2017; Table 2). This
difference is amplified on peat moss lawns of between 3 and
7.5 years old, which showed double N sequestration rates in
previous  analyses (3447 kg:N-ha'-year';  Temmink
et al. 2017; Vroom et al. 2020). In addition, the amounts of
sequestered P and K in our experiment were similar (3 kg-P,
12kg-K-ha™-year, on average) to their studies (4-5kg-P and
10-17 kg-K-ha-year™"). These early-stage findings are promis-
ing as the sequestration is likely to increase due to a higher pro-
ductivity when the Sphagnum lawn becomes fully established.
The mosses in the fast-growing group, especially S. denticula-
tum and S. fallax, could reach higher mean C sequestration rates
(1,810 and 1,760 kg-C-ha'-year™, respectively) than the average
recent sequestration rates on natural eastern Canadian bogs,
ranging from 400 to 1,170 kg-C-ha™"-year" (Turunen et al. 2004),
as well as long term (past 10 to 125 years) sequestration rates of
1,200 kg-C-ha'-year" reported by Temmink et al. (2022). The
average C sequestration rate of the slower-growing group, 930
kg-C-ha™-year™, remains in the upper range of sequestration rates
of Canadian natural bogs. The lower sequestration rates of the
slower-growing species are directly linked to slower growth as a
consequence of poorer adaptation to nutrient-rich conditions
and, possibly, conditons being too wet, thus reducing the diffu-
sion of CO, for photosynthesis (Rydin & McDonald 1985; Rice
& Giles 1996; Hajek & Beckett 2008). However, we would like to
highlight the fact that even these less adapted species were able to
sequester a considerable amount of C in their establishment
phase. Yet, it is important to consider that, in the case of
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paludiculture, part of the sequestered nutrients and C will be har-
vested and, consequently, part of the sequestered C will most
likely oxidize in the long term (Gaudig et al. 2018). Nevertheless,
this harvested Sphagnum biomass will be used as a substitute for
fossil peat products, which will lead to C offset in the long term
(Gaudig et al. 2018; Giinther et al. 2020). On the other hand,
when Sphagnum is grown for restoration purposes without bio-
mass harvest, optimal water management, coupled with optimal
nutrient stoichiometry of the irrigation water, can yield high-end
C sequestration and storage as well.

Conclusions and implications

Opverall, we conclude that nutrient supply is sufficient to pre-
vent major nutrient imbalances for the 12 tested Sphagnum spe-
cies, but optimal nutrient stoichiometry needs to be tested to
determine optimal levels and supply of N, P and K for each spe-
cies. Furthermore, we conclude that nutrient sequestration rates
were high and species-/group-specific, specifically as the slower-
growing group sequestered less C and K than the fast-growing
group. In this light, it is vital to consider species-specific nutri-
ent dynamics and C sequestration rates when selecting species
for Sphagnum paludiculture and bog restoration. As such, the
selection of Sphagnum species can (1) determine whether or to
what extent a Sphagnum lawn can act as a nutrient/C sink, and
(2) influence Sphagnum biomass yield, which in turn can pre-
vent accumulation of excess, and thus toxic, N. Future research
should focus on longer-term C and nutrient sequestration (C,
N, P, K), performance of Sphagnum species under different
environmental conditions, such as drought, and larger-scale
tests for the most promising species. At a more fundamental
level, the mechanisms and reasons why these species exhibit dif-
ferent intrinsic C uptake rates and nutrient dynamics (uptake,
transfer and cycling) remain to be fully elucidated.

ACKNOWLEDGEMENTS

The authors would like to thank Sebastian Krosse and Paul van
der Ven from the General Instrumentation for help with chem-
ical analyses and Germa Verheggen, Dagmar Jongschaap and
Veerle ter Wal for sample preparation. C.F. was funded by Wet
Horizons (Horizon Europe GAP-101056848). The project was
supported by NWE-Interreg Carbon Connects. This study has
been facilitated by the German Federal Ministry of Food, Agri-
culture and Consumer Protection (BMEL) and Torfwerk
Moorkultur Ramsloh Werner Koch GmbH & Co. KG, whose
financial and in-kind support is gratefully acknowledged.

AUTHOR CONTRIBUTIONS

S.AK. and R.J.M.T wrote the original draft and all authors
contributed to the subsequent drafts. S.A.K., RJ.M.T., G.vD.,
AP, MiK, G.G.,, AHWK, WL, MaK.,, CJ.H.P. and CF.
contributed to the methodology. S.A.K., AH.W.K. and W.L.
analysed the data. R.J.E.V. visualized the data. All authors con-
tributed to carrying out the field experiment and/or sample
analyses. K.G. was responsible for the field maintenance and
C.J.H.P. led and organized the laboratory work. A.P., G.G,,
Mi.K. and Ma.K. were responsible of project administration
and mainly supervised set-up and performance of the Sphag-
num paludiculture field trial.

10 Plant Biology © 2023 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.

85UB017 SUOWIWOD aAITRID o|aedljdde sy Aq peusenob e sajoie O esn Jo sajni 1o AriqiT auljUO A3|1M UO (SUONIPUOD-PpUe-SLLB)W0D" A8 | 1M ARelq 11 UO//SANY) SUONIPUOD pue swie | 8y} 8eS *[£202/50/9T] uo Arigiauliuo As|im ‘Auewes sueiyood Aq yESET q(d/TTTT 0T/I0p/wWoo A8 |im Akelq iUl juoy//:Sdny woi) pepeojumod ‘0 *£2988EYT



Kaarmelahti, Temmink, van Dijk et al.

CONFLICT OF INTEREST

The authors have no conflict of interest to declare.

DATA AVAILABILITY STATEMENT

Data available via Archiving and Networked Services (DANY)
EASY: https://doi.org/10.17026/dans-zy5-9598.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Nutrient dynamics in Sphagnum re-establishment

Appendix S1. Supporting information.
Figure S1. Water table below peat surface (cm) for the study

period (daily mean of hourly measurements), measured in the

ditch with automatic data logger (pressure transducer, Hydro-
technik HT Type 575).
Table S1. Groups, species with the number of replicates,

lands of origin, dates of establishment, (pore)water collection
and biomass sampling.

Table S2. aNova outputs of nutrient contents, capitula:stem
element quotients and sequestration rates per nutrient, nutri-
ent quotients (capitula and stem separately) and lawn height

between groups.

Supporting Information section at the end of the article.

REFERENCES

Aerts R., Wallen B., Malmer N. (1992) Growth-
limiting nutrients in Sphagnum-dominated bogs
subject to low and high atmospheric nitrogen sup-
ply. Journal of Ecology, 80, 131. https://doi.org/10.
2307/2261070

Bragazza L., Limpens J., Gerdol R., Grosvernier P.,
Hajek M., Héjek T., Hajkova P., Hansen L., Jacumin
P., Kutnar L., Rydin H., Tahvanainen T. (2005)
Nitrogen concentration and °'°N signature of
ombrotrophic Sphagnum mosses at different N
deposition levels in Europe. Global Change Biology,
11, 106-114. https://doi.org/10.1111/].1365-2486.
2004.00886.X

Bragazza L., Tahvanainen T., Kutnar L., Rydin H.,
Limpens J., Hijek M., Grosvernier P., Hdjek T., Haj-
kova P., Hansen 1., lacumin P., Gerdol R. (2004)
Nutritional constraints in ombrotrophic Sphagnum
plants under increasing atmospheric nitrogen depo-
sition in Europe. New Phytologist, 163, 609-616.
https://doi.org/10.1111/].1469-8137.2004.01154.X

Breuer K., Melzer A. (1990) Heavy metal accumulation
(lead and cadmium) and ion exchange in three spe-
cies of Sphagnaceae: I. Main principles of heavy
metal accumulation in Sphagnaceae. Oecologia, 82,
461-467. https://doi.org/10.1007/BF00319786

Bridgham S.D., Pastor J., McClaugherty C.A., Richard-
son C.J. (1995) Nutrient-use efficiency: a litterfall
index, a model, and a test along a nutrient-
availability gradient in North Carolina peatlands.
The American Naturalist, 145, 1-21. https://doi.org/
10.1086/285725

Brown P.H., Zhao F.J., Dobermann A. (2022) What is
a plant nutrient? Changing definitions to advance
science and innovation in plant nutrition. Plant and
Soil, 476, 11-23. https://doi.org/10.1007/s11104-
021-05171-w

Chapin FE.S., Vitousek P.M., van Cleve K. (1986) The
nature of nutrient limitation in plant communities.
The American Naturalist, 127, 48-58. https://doi.
org/10.1086/284466

Clymo R.S. (1963) Ion exchange in Sphagnum and its
relation to bog ecology. Annals of Botany, 27, 309—
324. http://www.jstor.org/stable/42907700

Clymo R.S. (1973) The growth of Sphagnum: some
effects of environment. Journal of Ecology, 61, 849—
869. https://doi.org/10.2307/2258654

Daniels R.E., Eddy A. (1985) Handbook of European
Sphagna. Institute of Terrestrial Ecology, London,
UK, pp 263. https://doi.org/10.2307/2260247

van den Elzen E., van den Berg L.J.L., van der Weijden
B., Fritz C., Sheppard L.J., Lamers L.P.M. (2018)

Effects of airborne ammonium and nitrate pollution
strongly differ in peat bogs, but symbiotic nitrogen
fixation remains unaffected. Science of the Total
Environment, 610-611, 732-740. https://doi.org/10.
1016/j.scitotenv.2017.08.102

Fritz C., Lamers L.P.M., Riaz M., Van den Berg L.J.L.,
Elzenga T.J.T.M. (2014) Sphagnum mosses — masters
of efficient N-uptake while avoiding intoxication.
PLoS Omne, 9, €79991. https://doi.org/10.1371/
journal.pone.0079991

Fritz C., van Dijk G., Smolders A.J.P., Pancotto V.A.,
Elzenga T.J.T.M., Roelofs J.G.M., Grootjans A.P.
(2012) Nutrient additions in pristine Patagonian
Sphagnum bog vegetation: can phosphorus addition
alleviate (the effects of) increased nitrogen loads.
Plant Biology, 14, 491-499. https://doi.org/10.1111/].
1438-8677.2011.00527.X

Gaudig G., Krebs M., Joosten H. (2020) Sphagnum
growth under N saturation: interactive effects of
water level and P or K fertilization. Plant Biology, 22,
394-403. https://doi.org/10.1111/plb.13092

Gaudig G., Krebs M., Prager A., Wichmann S., Barney
M., Caporn S.J.M., Emmel M., Fritz C., Graf M.,
Grobe A., Gutierrez Pacheco S., Hogue-Hugron S.,
Holztrdger S., Irrgang S., Kdmiriinen A., Karofeld
E., Koch G., Koebbing J.F., Kumar S., Matchutadze
L., Oberpaur C., Oestmann J., Raabe P., Rammes D.,
Rochefort L., Schmilewksi G., Sendzikaité J., Smol-
ders A., St-Hilaire B., van de Riet B., Wright B,
Wright N., Zoch L., Joosten H. (2018) Sphagnum
farming from species selection to the production of
growing media: a review. Mires and Peat, 20, 1-30.
https://doi.org/10.19189/MaP.2018.0MB.340

Granath G., Strengbom J., Rydin H. (2010) Rapid eco-
system shifts in peatlands: linking plant physiology
and succession. Ecology, 91, 3047-3056. https://doi.
org/10.1890/09-2267.1

Granath G., Wiedermann M.M., Strengbom J. (2009)
Physiological responses to nitrogen and sulphur
addition and raised temperature in Sphagnum balti-
cum. Oecologia, 161, 481-490. https://doi.org/10.
1007/500442-009-1406-x

Gunnarsson U. (2005) Global patterns of Sphagnum
productivity. Journal of Bryology, 27, 269-279.
https://doi.org/10.1080/03736687.2019.1601446

Giinther A., Barthelmes A., Huth V., Joosten H., Jura-
sinski G., Koebsch F., Couwenberg J. (2020) Prompt
rewetting of drained peatlands reduces climate
warming despite methane emissions. Nature Com-
munications, 11, 1644. https://doi.org/10.1038/
541467-020-15499-z

Hiéjek M., Horsdk M., Hdjkova P., Dité D. (2006) Habi-
tat diversity of central European fens in relation to

environmental gradients and an effort to standardise
fen terminology in ecological studies. Perspectives in
Plant Ecology, Evolution and Systematics, 8, 97-114.
https://doi.org/10.1016/j.ppees.2006.08.002

Hajek T., Adamec L. (2009) Mineral nutrient economy
in competing species of Sphagnum mosses. Ecological
Research, 24, 291-302. https://doi.org/10.1007/
511284-008-0506-0

Héjek T., Beckett R.P. (2008) Effect of water content
components on desiccation and recovery in Sphag-
num mosses. Annals of Botany, 101, 165-173.
https://doi.org/10.1093/aob/mcm287

Hiéjkové P., Hdjek M. (2007) Sphagnum distribution
patterns along environmental gradients in Bulgaria.
Journal of Bryology, 29, 18-26. https://doi.org/10.
1179/174328207X160577

Harpenslager S.F., van Dijk G., Kosten S., Roelofs
J.GM., Smolders A.J.P., Lamers LP.M. (2015)
Simultaneous high C fixation and high C emissions
in Sphagnum mires. Biogeosciences, 12, 4739—4749.
https://doi.org/10.5194/bg-12-4739-2015

Hoosbeek M.R., Van Breemen N., Vasander H., Buttler
A., Berendse F. (2002) Potassium limits potential
growth of bog vegetation under elevated atmo-
spheric CO, and N deposition. Global Change Biol-
ogy, 8, 1130-1138. https://doi.org/10.1046/j.1365-
2486.2002.00535.x

Horton D.G., Vitt D.H., Slack N.G. (1979) Habitats of
circumboreal-subarctic sphagna: I. A quantitative
analysis and review of species in the Caribou Moun-
tains, Northern Alberta. Canadian Journal of Botany,
57, 2283-2317. https://doi.org/10.1139/b79-275

Jarrell W.M., Beverly R.B. (1981) The dilution effect in
plant nutrition studies. Advances in Agronomy, 34,
197-224. https://doi.org/10.1016/S0065-2113(08)
60887-1

Joosten H., Tapio-Bistrom M.-L, Tol S. (2012)
Peatlands—guidance for climate change mitigation
through conservation, rehabilitation and sustainable use.
Peterborough: Joint Nature Conservation Committee.
https://www.researchgate.net/publication/298105346_
Peatlands_-_guidance_for_climate_changes_mitigation_
through_conservation_rehabilitation_and_sustainable_
use

Koks A.H.W., Fritz C., Smolders AJ.P., Rehlmeyer K.,
Elzenga J.T.M., Krosse S., Lamers L.P.M., van Dijk G.
(2022) Sphagnum bleaching: bicarbonate ‘toxicity’and
tolerance for seven Sphagnum species. Plant Biology,
24, 780-790. https://doi.org/10.1111/plb.13423

Krebs M., Gaudig G., Matchutadze I, Joosten H.
(2018) Sphagnum regrowth after cutting. Mires and
Peat, 20, 1-20. https://doi.org/10.19189/MaP.2017.
OMB.298

Plant Biology © 2023 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands. 11

85UB017 SUOWIWOD aAITRID o|aedljdde sy Aq peusenob e sajoie O esn Jo sajni 1o AriqiT auljUO A3|1M UO (SUONIPUOD-PpUe-SLLB)W0D" A8 | 1M ARelq 11 UO//SANY) SUONIPUOD pue swie | 8y} 8eS *[£202/50/9T] uo Arigiauliuo As|im ‘Auewes sueiyood Aq yESET q(d/TTTT 0T/I0p/wWoo A8 |im Akelq iUl juoy//:Sdny woi) pepeojumod ‘0 *£2988EYT


https://doi.org/10.17026/dans-zy5-9598
https://doi.org/10.2307/2261070
https://doi.org/10.2307/2261070
https://doi.org/10.1111/J.1365-2486.2004.00886.X
https://doi.org/10.1111/J.1365-2486.2004.00886.X
https://doi.org/10.1111/J.1469-8137.2004.01154.X
https://doi.org/10.1007/BF00319786
https://doi.org/10.1086/285725
https://doi.org/10.1086/285725
https://doi.org/10.1007/s11104-021-05171-w
https://doi.org/10.1007/s11104-021-05171-w
https://doi.org/10.1086/284466
https://doi.org/10.1086/284466
http://www.jstor.org/stable/42907700
https://doi.org/10.2307/2258654
https://doi.org/10.2307/2260247
https://doi.org/10.1016/j.scitotenv.2017.08.102
https://doi.org/10.1016/j.scitotenv.2017.08.102
https://doi.org/10.1371/journal.pone.0079991
https://doi.org/10.1371/journal.pone.0079991
https://doi.org/10.1111/J.1438-8677.2011.00527.X
https://doi.org/10.1111/J.1438-8677.2011.00527.X
https://doi.org/10.1111/plb.13092
https://doi.org/10.19189/MaP.2018.OMB.340
https://doi.org/10.1890/09-2267.1
https://doi.org/10.1890/09-2267.1
https://doi.org/10.1007/s00442-009-1406-x
https://doi.org/10.1007/s00442-009-1406-x
https://doi.org/10.1080/03736687.2019.1601446
https://doi.org/10.1038/s41467-020-15499-z
https://doi.org/10.1038/s41467-020-15499-z
https://doi.org/10.1016/j.ppees.2006.08.002
https://doi.org/10.1007/s11284-008-0506-0
https://doi.org/10.1007/s11284-008-0506-0
https://doi.org/10.1093/aob/mcm287
https://doi.org/10.1179/174328207X160577
https://doi.org/10.1179/174328207X160577
https://doi.org/10.5194/bg-12-4739-2015
https://doi.org/10.1046/j.1365-2486.2002.00535.x
https://doi.org/10.1046/j.1365-2486.2002.00535.x
https://doi.org/10.1139/b79-275
https://doi.org/10.1016/S0065-2113(08)60887-1
https://doi.org/10.1016/S0065-2113(08)60887-1
https://www.researchgate.net/publication/298105346_Peatlands_-_guidance_for_climate_changes_mitigation_through_conservation_rehabilitation_and_sustainable_use
https://www.researchgate.net/publication/298105346_Peatlands_-_guidance_for_climate_changes_mitigation_through_conservation_rehabilitation_and_sustainable_use
https://www.researchgate.net/publication/298105346_Peatlands_-_guidance_for_climate_changes_mitigation_through_conservation_rehabilitation_and_sustainable_use
https://www.researchgate.net/publication/298105346_Peatlands_-_guidance_for_climate_changes_mitigation_through_conservation_rehabilitation_and_sustainable_use
https://doi.org/10.1111/plb.13423
https://doi.org/10.19189/MaP.2017.OMB.298
https://doi.org/10.19189/MaP.2017.OMB.298

Nutrient dynamics in Sphagnum re-establishment

Laekemariam F., Kibret K., Shiferaw H. (2018) Potas-
sium (K)-to-magnesium (Mg) ratio, its spatial vari-
ability and implications to potential Mg-induced K
deficiency in Nitisols of Southern Ethiopia. Agricul-
ture & Food Security, 7, 13. https://doi.org/10.1186/
540066-018-0165-5

Lamers L.P.M., Bobbink R., Roelofs J.G.M. (2000) Nat-
ural nitrogen filter fails in polluted raised bogs.
Global Change Biology, 6, 583-586. https://doi.org/
10.1046/j.1365-2486.2000.00342.x

Lamers L.P.M., Farhoush C., Van Groenendael J.M.,
Roelofs J.G.M. (1999) Calcareous groundwater raises
bogs; the concept of ombrotrophy revisited. Journal
of Ecology, 87, 639-648. https://doi.org/10.1046/j.
1365-2745.1999.00380.x

Leifeld J., Menichetti L. (2018) The underappreciated
potential of peatlands in global climate change miti-
gation strategies. Nature Communications, 9, 1071.
https://doi.org/10.1038/s41467-018-03406-6

Lenth R.V. (2018) Estimated Marginal Means,
aka Least-Squares Means [R package emmeans ver-
sion 1.2.1]. https://CRAN.R-project.org/package=
emmeans

Limpens J., Berendse F., Klees H. (2003) N deposition
affects N availability in interstitial water, growth of
Sphagnum and invasion of vascular plants in bog
vegetation. New Phytologist, 157, 339-347. https://
doi.org/10.1046/j.1469-8137.2003.00667.x

Michaelis D. (2019) The Sphagnum species of the
world. Bibliotheca Botanica, 162, 435.

Minayeva T.Y., Bragg O.M., Sirin A.A. (2017) Towards
ecosystem-based restoration of peatland biodiver-
sity. Mires and Peat, 19, 1-36. https://doi.org/10.
19189/MaP.2013.0MB.150

Pinheiro J., Bates D., DebRoy S., Sarkar D., EISPACK
authors, Heisterkamp S., Van Willigen B., Ranke J., R
Core Team (2021) nlme: linear and nonlinear mixed
effects models https://CRAN.R-project.org/package=
nlme.Accessed 19 July, 2021 R package version R 4 (1)

Prager A., Decker E., Heck M., Joosten H., Kohl M.,
Krebs M., Lamkowski P., Liith V., Melkova 1., Posten
C., Reski R., Schade C., Schifer M., Schnittler M.,
Schreiter H., Gaudig G. (2023) Ziichtung und Mas-
senvermehrung von Torfmoosen zur industriellen
Produktion eines nachwachsenden Substrataus-
gangsstoffes fiir den Gartenbau (MOOSzucht).
(Breeding and mass propagation of peat moss in
Sphagnum farming to create a sustainable supply of
renewable raw material for horticultural growing
media) final report of the joint project (in German).

R Core Team (2021). R: a language and environment
for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. https://www.R-project.
org/.

Renger M., Wessolek G., Schwirzel K., Sauerbrey R.,
Siewert C. (2002) Aspects of peat conservation and
water management. Journal of Plant Nutrition and
Soil Science, 165, 487—493. https://doi.org/10.1002/
1522-2624(200208)165:4<487::AID-JPLN487>3.0.
CO;2-C

Rice S. (2009) Mosses (Bryophytes). In: Likens G.E.
(Ed), Encyclopedia of inland waters. Elsevier, Amster-
dam, Netherlalnds, pp 88-96. https://doi.org/10.
1016/B978-012370626-3.00219-2

Rice S.K., Giles L. (1996) The influence of water con-
tent and leaf anatomy on carbon isotope discrimina-
tion and photosynthesis in Sphagnum. Plant, Cell &
Environment, 19, 118-124. https://doi.org/10.1111/j.
1365-3040.1996.tb00233.x

Rydin H., Jeglum J.K. (2013) The biology of peatlands,
2nd edition. Oxford University Press, Oxford, UK.
https://doi.org/10.1093/acprof:osobl/
9780199602995.001.0001

Rydin H., McDonald A.J.S. (1985) Photosynthesis in
Sphagnum at different water contents. Journal of Bry-
ology, 13, 579-584. https://doi.org/10.1179/jbr.1985.
13.4.579

Sjors H. (1950) On the relation between vegetation and
electrolytes in north Swedish mire waters. Oikos, 2,
241-258. https://doi.org/10.2307/3564795

Soudzilovskaia N.A., Cornelissen J.H.C., During H.J.,
van Logtestijn R.S.P., Lang S.I., Aerts R. (2010) Simi-
lar cation exchange capacities among bryophyte spe-
cies refute a presumed mechanism of peatland
acidification. Ecology, 91, 2716-2726. https://doi.
org/10.1890/09-2095.1

Spearing A.M. (1972) Cation-exchange capacity and
galacturonic acid content of several species of Sphag-
num in Sandy Ridge Bog, Central New York State.
The Bryologist, 75, 154-158. https://doi.org/10.2307/
3241443

Temmink R.J.M., Fritz C., van Dijk G., Hensgens G.,
Lamers L.P.M., Krebs M., Gaudig G., Joosten H.
(2017) Sphagnum farming in a eutrophic world: the
importance of optimal nutrient stoichiometry. Eco-
logical Engineering, 98, 196-205. https://doi.org/10.
1016/j.ecoleng.2016.10.069

Temmink R.J.M., Lamers L.P.M., Angelini C., Bouma
T.J., Fritz C., van de Koppel J., Lexmond R., Rietkerk
M., Silliman B.R., Joosten H., van der Heide T.
(2022) Recovering wetland biogeomorphic feed-
backs to restore the world’s biotic carbon hotspots.
Science, 376, eabnl479. https://doi.org/10.1126/
science.abn1479

Kaarmelahti, Temmink, van Dijk et al.

Tomassen H.B.M., Smolders A.J.P., Lamers L.P.M.,,
Roelofs J.G.M. (2003) Stimulated growth of Betula
pubescens and Molinia caerulea on ombrotrophic
bogs: role of high levels of atmospheric nitrogen
deposition. Journal of Ecology, 91, 357-370. https://
doi.org/10.1046/j.1365-2745.2003.00771.x

Turunen J., Roulet N.T., Moore T.R., Richard P.J.H.
(2004) Nitrogen deposition and increased carbon
accumulation in ombrotrophic peatlands in eastern
Canada. Global Biogeochemical Cycles, 18, GB3002.
https://doi.org/10.1029/2003GB002154

UBA (Umweltbundesamt) (2016). Karte Hintergrund-
belastungsdaten  Stickstoff, Dreijahresmittelwert der
Jahre 2013-2015 (Map Background Exposure Data of
Nitrogen, Three-Year Average for the Years 2013—
2015).  https://gis.uba.de/website/depol/de/index.
html

Vicherové E., Hijek M., Smilauer P., Hiéjek T. (2017)
Sphagnum  establishment in alkaline fens: impor-
tance of weather and water chemistry. Science of the
Total Environment, 580, 1429-1438. https://doi.org/
10.1016/j.scitotenv.2016.12.109

Vile M.A., Kelman Wieder R., Zivkovi¢ T., Scott K.D.,
Vitt D.H., Hartsock J.A., Iosue C.L., Quin J.C., Petix
M., Fillingim M., Popma J.M.A., Dynarski K.A.,
Jackman T.R., Albright C.A., Wykoff D.D. (2014)
N,-fixation by methanotrophs sustains carbon and
nitrogen accumulation in pristine peatlands. Biogeo-
chemistry, 121, 317-328. https://doi.org/10.1007/
$10533-014-0019-6

Vitousek P. (1982) Nutrient cycling and nutrient use
efficiency. The American Naturalist, 119, 553-572.
https://doi.org/10.1086/283931

Vroom R.J.E,, Temmink R.J.M., van Dijk G., Joosten H.,
Lamers L.P.M., Smolders A.J.P., Krebs M., Gaudig G.,
Fritz C. (2020) Nutrient dynamics of Sphagnum farm-
ing on rewetted bog grassland in NW Germany. Sci-
ence of the Total Environment, 726, 138470. https://
doi.org/10.1016/j.scitotenv.2020.138470

Wichtmann W., Schréder C., Joosten H. (2016) Palu-
diculture — productive use of wet peatlands. Schwei-
zerbart Science, Stuttgart, Germany.

Wickham H. (2016) ggplor2: elegant graphics for data
analysis. Springer, New York, USA.

Wilson J.B. (1993) Macro nutrient (NPK) toxicity and
interactions in the grass, festuca ovina. Journal of
Plant Nutrition, 16, 1151-1159. https://doi.org/10.
1080/01904169309364601

Wojtud B. (1994) Element contents of Sphagnum
mosses of peat bogs of lower Silesia (Poland). The
Bryologist, 97, 284-295. https://doi.org/10.2307/
3243461

12 Plant Biology © 2023 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.

85UB017 SUOWIWOD aAITRID o|aedljdde sy Aq peusenob e sajoie O esn Jo sajni 1o AriqiT auljUO A3|1M UO (SUONIPUOD-PpUe-SLLB)W0D" A8 | 1M ARelq 11 UO//SANY) SUONIPUOD pue swie | 8y} 8eS *[£202/50/9T] uo Arigiauliuo As|im ‘Auewes sueiyood Aq yESET q(d/TTTT 0T/I0p/wWoo A8 |im Akelq iUl juoy//:Sdny woi) pepeojumod ‘0 *£2988EYT


https://doi.org/10.1186/s40066-018-0165-5
https://doi.org/10.1186/s40066-018-0165-5
https://doi.org/10.1046/j.1365-2486.2000.00342.x
https://doi.org/10.1046/j.1365-2486.2000.00342.x
https://doi.org/10.1046/j.1365-2745.1999.00380.x
https://doi.org/10.1046/j.1365-2745.1999.00380.x
https://doi.org/10.1038/s41467-018-03406-6
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1046/j.1469-8137.2003.00667.x
https://doi.org/10.1046/j.1469-8137.2003.00667.x
https://doi.org/10.19189/MaP.2013.OMB.150
https://doi.org/10.19189/MaP.2013.OMB.150
https://cran.r-project.org/package=nlme
https://cran.r-project.org/package=nlme
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1002/1522-2624(200208)165:4<487::AID-JPLN487>3.0.CO;2-C
https://doi.org/10.1002/1522-2624(200208)165:4<487::AID-JPLN487>3.0.CO;2-C
https://doi.org/10.1002/1522-2624(200208)165:4<487::AID-JPLN487>3.0.CO;2-C
https://doi.org/10.1002/1522-2624(200208)165:4<487::AID-JPLN487>3.0.CO;2-C
https://doi.org/10.1002/1522-2624(200208)165:4<487::AID-JPLN487>3.0.CO;2-C
https://doi.org/10.1016/B978-012370626-3.00219-2
https://doi.org/10.1016/B978-012370626-3.00219-2
https://doi.org/10.1111/j.1365-3040.1996.tb00233.x
https://doi.org/10.1111/j.1365-3040.1996.tb00233.x
https://doi.org/10.1093/acprof:osobl/9780199602995.001.0001
https://doi.org/10.1093/acprof:osobl/9780199602995.001.0001
https://doi.org/10.1179/jbr.1985.13.4.579
https://doi.org/10.1179/jbr.1985.13.4.579
https://doi.org/10.2307/3564795
https://doi.org/10.1890/09-2095.1
https://doi.org/10.1890/09-2095.1
https://doi.org/10.2307/3241443
https://doi.org/10.2307/3241443
https://doi.org/10.1016/j.ecoleng.2016.10.069
https://doi.org/10.1016/j.ecoleng.2016.10.069
https://doi.org/10.1126/science.abn1479
https://doi.org/10.1126/science.abn1479
https://doi.org/10.1046/j.1365-2745.2003.00771.x
https://doi.org/10.1046/j.1365-2745.2003.00771.x
https://doi.org/10.1029/2003GB002154
https://gis.uba.de/website/depo1/de/index.html
https://gis.uba.de/website/depo1/de/index.html
https://doi.org/10.1016/j.scitotenv.2016.12.109
https://doi.org/10.1016/j.scitotenv.2016.12.109
https://doi.org/10.1007/s10533-014-0019-6
https://doi.org/10.1007/s10533-014-0019-6
https://doi.org/10.1086/283931
https://doi.org/10.1016/j.scitotenv.2020.138470
https://doi.org/10.1016/j.scitotenv.2020.138470
https://doi.org/10.1080/01904169309364601
https://doi.org/10.1080/01904169309364601
https://doi.org/10.2307/3243461
https://doi.org/10.2307/3243461

	 Abstract
	 Study site and experimental setup
	 Biomass sampling for nutrient analyses and measuring Sphagnum lawn thickness
	 Surface and pore water collection and watertable measurements
	 Chemical analyses
	plb13534-fig-0001
	 Calculation of nutrient sequestration
	 Statistical analyses
	 Nutrient concentrations in the water and average watertable
	 Sphagnum lawn thickness and nutrient content in Sphagnum capitula and stems
	 Nutrient quotients in Sphagnum capitula and stems
	plb13534-fig-0002
	 Carbon and nutrient sequestration
	 Nutrient availability and nutrient dynamics in Sphagnum
	plb13534-fig-0003
	plb13534-fig-0004
	 Carbon and nutrient sequestration
	 Conclusions and implications
	 Data availability statement

	 References
	plb13534-bib-0001
	plb13534-bib-0002
	plb13534-bib-0003
	plb13534-bib-0004
	plb13534-bib-0005
	plb13534-bib-0006
	plb13534-bib-0007
	plb13534-bib-0008
	plb13534-bib-0009
	plb13534-bib-0010
	plb13534-bib-0011
	plb13534-bib-0012
	plb13534-bib-0013
	plb13534-bib-0014
	plb13534-bib-0015
	plb13534-bib-0016
	plb13534-bib-0017
	plb13534-bib-0018
	plb13534-bib-0019
	plb13534-bib-0020
	plb13534-bib-0021
	plb13534-bib-0022
	plb13534-bib-0023
	plb13534-bib-0024
	plb13534-bib-0025
	plb13534-bib-0062
	plb13534-bib-0026
	plb13534-bib-0049
	plb13534-bib-0027
	plb13534-bib-0028
	plb13534-bib-0029
	plb13534-bib-0030
	plb13534-bib-0031
	plb13534-bib-0032
	plb13534-bib-0033
	plb13534-bib-0035
	plb13534-bib-0036
	plb13534-bib-0037
	plb13534-bib-0038
	plb13534-bib-0039
	plb13534-bib-0040
	plb13534-bib-0041
	plb13534-bib-0042
	plb13534-bib-0043
	plb13534-bib-0044
	plb13534-bib-0045
	plb13534-bib-0046
	plb13534-bib-0047
	plb13534-bib-0048
	plb13534-bib-0050
	plb13534-bib-0051
	plb13534-bib-0052
	plb13534-bib-0053
	plb13534-bib-0054
	plb13534-bib-0055
	plb13534-bib-0056
	plb13534-bib-0057
	plb13534-bib-0058
	plb13534-bib-0059
	plb13534-bib-0060
	plb13534-bib-0061
	plb13534-bib-0063


