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ARTICLE INFO ABSTRACT

Keywords: Sphagnum-dominated peatlands play a vital role in carbon storage worldwide. However, large areas are strongly
Peat moss degraded due to land-use change. Success of Sphagnum introduction for bog restoration or paludiculture in
Watef level former agricultural areas largely depends on local surface water for irrigation and to obtain stable water levels,
f:i(;:i?ogn water especially during drought events. However, this water is often unsuitable for Sphagnum, especially in a drained
Bicarbonate and intensively-used landscape due to high bicarbonate concentrations, known to be toxic to Sphagnum. As such,
Tons removing bicarbonate from surface water through artificial acidification using hydrochloric acid (HCl) and/or

water level management to mitigate bicarbonate toxicity may be an effective method to initiate a vital Sphagnum
cover, but this has not yet been experimentally demonstrated.

We therefore performed a five-week laboratory experiment in which Sphagnum palustre was exposed to surface
water from two drained peat landscapes with high bicarbonate concentrations, which differed in ion- and
nutrient concentrations, and one artificial rainwater control. We applied the following treatments: acidified (pH
4.0) or non-acidified water, and moss capitula were placed either above or below the water surface.

Our experiment revealed that Sphagnum survived in all emergent treatments regardless of the ion concen-
tration. Sphagnum submerged in non-acidified water became chlorotic and had lower capitulum potassium levels,
but accumulated calcium and magnesium. Sphagnum remained vital when submerged in acidified conditions and
had higher capitulum potassium levels.

This study highlights that acidification of bicarbonate-rich surface water mitigates bicarbonate toxicity even
when surface water is high in ion concentrations. We further show that emergent capitula in bicarbonate-rich
water does not lead to chlorosis after five weeks. This suggests artificial acidification of surface water or
application of bicarbonate-rich irrigation water with emergent capitula are measures to overcome drought pe-
riods in Sphagnum restoration or paludiculture projects when acidic surface water is unavailable.

1. Introduction

Peatlands are the world’s carbon storing hotspots being the largest
terrestrial carbon storages worldwide (Joosten and Clarke, 2002; Tem-
mink et al., 2022). Despite this, drainage and extraction of peat results in
high carbon emissions and loss of ecosystem services, such as biodi-
versity and water retention (Temmink et al., 2023a). To reverse the
negative environmental and climate impacts, it is crucial to rewet
drained peatlands (Giinther et al., 2020; Leifeld and Menichetti, 2018).

Temperate and boreal ombrotrophic (mainly rainwater-fed) bogs and
poor fens are important peatland types that naturally are dominated and
build by Sphagnum mosses (Rydin and Jeglum, 2006). As such, the
establishment of Sphagnum is crucial for the restoration of these drained
peatland types. This is, however, often limited or unsuccessful due to a
lack of a stable high water table and variable evapotranspiration (Quinty
and Rochefort, 2003; Shepherd et al., 2023). In addition, in recent years
periods with prolonged drought are becoming more common and are
predicted to occur more frequently in the future (Spinoni et al., 2016).
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For peatland restoration or paludiculture projects, maintaining optimal
conditions for Sphagnum establishment and survival is often dependent
on the hydrology, chemistry and availability of local surface water
(Kaarmelahti et al., 2023; Temmink et al., 2023b; Granath et al., 2010).

Naturally, Sphagnum predominantly grows in nutrient poor and wet
environments low in pH, bicarbonate (HCO3) and other ions (Clymo and
Hayward, 1982). Following this, Sphagnum does not tolerate water high
in pH and HCO3 (Clymo, 1973, Clymo, 1964; Koks et al., 2022, Koks
et al., 2019; Vicherova et al., 2015). For example, Koks et al. (2019,
2022) showed that submerged-grown Sphagnum leaked potassium (K),
became chlorotic and eventually died within weeks in waters high in
HCO3 (2 mM). At the same time, Sphagnum survived in water with
elevated levels of calcium chloride (2 mM) or sodium chloride (4 mM) as
long as the HCO3 concentration and pH remained low (Koks et al., 2019,
2022). Furthermore, Sphagnum is able to thrive in nutrient rich envi-
ronments provided that the nutrient stoichiometry of nitrogen (N),
phosphorus (P) and potassium (K) is optimal (Temmink et al., 2023b;
Temmink et al., 2017; Vroom et al., 2020). These results suggest that
Sphagnum is able to survive and grow in environments different from
their natural habitat as long as HCO3 concentrations are low.

A human-managed peatland landscape strongly differs from a natu-
ral landscape due to altered land use (Temmink et al., 2023a). Drainage
and intensified water management, liming of pastures, and increased
decomposition that result in internal alkalinization, lead to elevated
HCOj3 concentrations and higher pH in local surface waters (Smolders
et al., 2006). The use of such surface water to rewet peatlands or irrigate
paludiculture can have detrimental effects on Sphagnum establishment
or survival (Koks et al., 2022). As such, to enable Sphagnum restoration
or paludiculture in drained peatland landscapes, it is essential to develop
mitigation measures to enable the use of local surface water as irriga-
tion. For example, HCO3 can be mitigated with artificial acidification (i.
e. adding hydrogen ions (H™)). The addition of H™ results in the disso-
ciation of HCO3 into water (H,O) and carbon dioxide (CO,), which
simultaneously lowers the pH. However, it remains unknown whether
artificial acidification of surface water facilitates Sphagnum survival. In
addition, the differential effects of water level on emergent capitula
versus fully submerged Sphagnum mosses were investigated.

The aim of this study was to investigate the effects of artificial
acidification of surface waters and the position of capitula relative to the
water level on the survival of Sphagnum. We chose S. palustre as model
species for its potential within paludiculture and common occurrence in
The Netherlands, especially in drained peatland regions with HCO3-rich
surface waters. We performed a 5-week controlled laboratory experi-
ment in which S. palustre was subjected to five water types. Two surface
water types (pH > 7) varied in HCOg3, other ion- and nutrient concen-
trations, both assumed toxic for Sphagnum. These two surface water
types were also acidified (to pH 4.0) to investigate the effect of artificial
acidification and an artificial rainwater treatment was used as a control.

Table 1
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Additionally in all treatments mosses were either grown with capitula
emergent or submerged to investigate the potential interacting effects of
water level and water chemistry.

We hypothesized that:

1. Submerged capitula will not survive in non-acidified surface water,
because of HCO3-toxicity, manifested by chlorosis and lower K
contents in the capitula.

2. Emergent capitula will survive regardless of the surface water
chemistry (pH, HCO3 and other ions) due to limited contact with the
water but we expect that increased ion loads may lead to increased
chlorosis in the submerged shoots.

3. Artificial acidification of surface water high in pH, HCO3 and other
ions will prevent both chlorosis and lower K contents in the capitula
irrespective of the positioning relative to the water surface.

2. Material & methods
2.1. Experimental setup

To investigate the effect of artificial acidification of HCO3-rich
water, capitula position relative to the water level, and water chemistry,
we performed a microcosm experiment where five different water types
were used. We created the following experimental treatments: artificial
acidification or not, which was crossed with capitula positioned emer-
gent or submerged. The chemistry of the surface water types used varied
regarding nutrient levels, anion and base cation concentrations gener-
ally regarded unfit for Sphagnum survival due to high pH and HCO3
concentration (Table 1). Surface water originated from two drained
peatlands areas in The Netherlands. One surface water type that origi-
nated from a canal in Ilperveld area (52°26°27.5"N 4°56°’56.7"E), was
alkaline and had a higher ion concentration, while the other was slightly
less alkaline and had a lower ion concentration coming from the
Ankeveense plassen area (52°15°11.0"N 5°05°52.1"E) with artificial
rainwater used as control (Koks et al., 2019) (Table 1). From each site,
100 L of surface water was collected and stored at 4 °C for the duration
of the experiment to retain constant water chemistry (Table 1).

S. palustre was used as a model species as this species occurs in re-
gions with HCOj3 rich surface water, is cultivated in Sphagnum pal-
udiculture (Temmink et al., 2023b) and used in several previous studies
(Harpenslager et al., 2015; Koks et al., 2022; Koks et al., 2019).
S. palustre was collected in the Ilperveld nature reserve (52°26°16.7"N
4°56’20.5"E) on 14 June 2021. Individual mosses were cut to 5 cm
shoots within 72 h after collection. With these shoots we created small
plugs that consisted of 20 shoots with a cable tie under the top 2 cm to
keep the mosses together. Each treatment had 5 plugs as replicates
(Fig. 1). A reference group of 13 additional plugs were made and
immediately dried to determine elemental contents (Appendix A). Plugs

The pH, TIC (Total Inorganic Carbon) and dominant cat- and anions (umol L) in the water types used in the experiment (analytical methods are described in Ap-
pendix B). Values show the mean and standard error (n = 5) of the water chemistry of each surface water type before weekly addition to the containers.

Control Ankeveen Ilperveld

Acidified Non-acidified Acidified Non-acidified
pH 55+0.1 40+0 7.7 £0.1 40=+0 7.7+£0
TIC (pmol L™ 11+2 1532 + 411 3201 + 69 1745 + 437 3576 + 88
Ca (pmol L™ 13+1 1460 + 19 1462 + 15 1948 + 26 1985 + 39
Mg (pmol L™ 12+1 387 + 4 389 + 4 2100 + 16 2141 £ 29
Na (pmol L) 54 +£14 3126 £ 197 3133 £189 17,848 + 1483 18,184 + 1500
K" (pmol L 30+0 179+ 7 176 £ 6 502 + 4 500 + 3
HCO3 (pmol L 1+0 6+2 3035 £ 101 7+2 3413 + 94
Cl™ (umol L™Y) 115+ 2 5755 £+ 137 2696 + 65 21,519 £ 280 18,832 + 676
S (pmol L™ 5+0 401 £ 6 408 + 7 1509 + 23 1506 + 31
NHj (pmol L™1) 540 9+0 740 20 + 2 12+2
NOg(pmolLl) 0+0 0£0 0+0 8+2 9+2
P (pmol L™) 1+0 1+0 1+0 15+ 0 1440
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Fig. 1. Experimental containers with Sphagnum fully submerged (A), and containers in which the Sphagnum capitula were emergent (circa 1 cm above the water

level) (B).

were placed into inner polyethylene terephthalate truncated conical
containers (11 cm tall, # 7.5 cm) with a @ 3 cm hole and placed within
larger polypropylene containers (15 c¢m tall, 7.5 cm) holding 400 mL
of water (Fig. 1). The top 2 cm of each plug protruded from the hole in
the inner container, while the bottom 3 cm hung underneath. In the
submerged treatment mosses were fully immersed (Fig. 1A) while in the
emergent treatments the capitula were 1 cm above the surface water
(Fig. 1B).

On 17 June 2021 all containers in corresponding water level treat-
ment were subjected to 10 days of acclimatization in 400 mL of dem-
ineralized water (<0.001 pS em™) in a water bath cooled to 16 °C,
which resulted in a temperature of 18 °C at capitula level. The water
bath was situated in a climate-controlled room at 20 °C with a 16/8 h
light regime, which resulted in +300 pmol PAR (photosynthetically
active radiation) m~2 s~! at moss level (Philips Greenpower LED Top-
lighting Module, DR/W/FR_2MB 400 V, Poland). After the acclimati-
zation period, on 28 June 2021, the experiment started and
demineralized water was replaced by experimental water types. Every
week all containers were drained and refreshed with new treatment
water. For the acidified treatments, water was taken from the stored
surface water and acidified weekly to pH 4.0 using 0.24 M HCI. We used
HCI as Sphagnum can tolerate chloride (C17) to a large extent (Wilcox,
1984). As a control treatment, artificial rainwater was used (Koks et al.,
2019) (Table 1). The experiment lasted for 35 days (5 weeks) after which
mosses were chlorotic in the affected treatments. The experiment was
stopped to prevent negative effects such as algal growth due to
decomposition of the mosses influencing further analysis.

2.2. Harvest of the experiment

On 2 August 2021 all mosses were harvested and carefully rinsed
twice using demineralized water. Hereafter, plugs and individual shoots
were drained and photographed from above and against a standardized
setting with a white background (Fig. 2; Appendix C). To determine the
extent of “greenness” per Sphagnum plug they were analyzed using
ImageJ and Fiji (Schindelin et al., 2012). The greenness per plug was
calculated by placing a standardized round shape (2 = 5 cm), analyzing
its color histogram and using red/green/blue mode in calculating the
greenness excess index mode (GEIM): (2xgreen) - (red+blue)
(Woebbecke et al., 1995). The extent to which moss shoots remained
green at the end of the experiment was determined through individually
measuring each moss per plug using ImageJ, averages per plug were
used for further analysis (Appendix C). The green moss length was
measured by first setting a known scale and then using the “measure”
function in ImageJ. The green moss length was the part of the moss
shoots which was green at the end of the experiment. This was measured
to better understand the effects of emergence whether only the capitula
remained green and/or also the moss shoots.

2.3. Elemental analyses

After initial processing, capitula and shoots were separated, with the
capitula being the top +1 cm of the mosses. Both were separately dried
at 70 °C until they reached a constant weight and homogenized for 30 s
per sample using a mixer mill (MM 400, Retsch, Germany). To deter-
mine total Ca, K, Mg, Na and P concentrations in the capitula and shoots
100 mg of the milled material was digested using 4 mL nitric acid
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Fig. 2. Representative coloration of the capitula in the different treatments at the end of the 5-week experiment (photos were taken from the top of the experi-

mental containers).
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Fig. 3. The greenness of the capitula (greenness excess index mode) between the different treatments at the end of the experiment (n = 5) (A). Green moss length of
the Sphagnum mosses for the different treatments at the end of the experiment (n = 5) (B). White areas represent non-acidified treatments and light grey areas
acidified treatments. The grey dotted horizontal line is the median of the emergent control group and the long-green dashed horizontal line represents the median of
the submerged rainwater control group. Boxplots show the median (middle line), quartiles (boxes), 1.5 times the interquartile range (whiskers) and the black dots are
outliers. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(HNOsg) (65 %) and 1 mL hydrogen peroxide (H202) (35 %) in Teflon
containers with an Ethos D microwave (Milestone, Sorisole Lombardy,
Italy). The resulting digestate was diluted in 50 mL ultrapure milli-Q
water (Millipore corp. Burlington, Massachusetts, USA) and analyzed
using ICP-OES (iCAP 6000; Thermo Fischer Scientific; Bremen, Ger-
many). Using another 7.5 mg of the milled moss material the total C and
N concentrations were analyzed using a CNS analyzer (Vario MICRO
cube; Elementar Analysensysteme GmbH, Langenselbold, Germany).

2.4. Statistical analyses

Differences were tested fitting linear models including acidification
(acidified and non-acidified), water level (emergent and submerged),
water type (Ankeveen and Ilperveld) and their interactions in the model.
Control groups were excluded from the statistical analysis but their
median values are included in the graphs. Homogeneity and normality
were validated using the residual plots. If models could not be justified,
response variables were log-transformed (K, Na and Ca contents of the
capitula) approximating normality. After fitting the models, main effects
were investigated using an analysis of variance (ANOVA) followed by a
Tukey HSD post-hoc test. Furthermore, correlative analysis was done
using Spearman’s rho between the K, Na, Ca, Mg and N:K in the capitula
and the greenness excess index mode. Significant differences were
assumed at p < 0.05. Statistical analysis and visualization was done
using the programming language R version 4.1.2 Bird Hippie (R Core
Team, 2021). The following R packages were used: ggplot2 (Wickham,
2016), ggpubr (Kassambara, 2023), plyr (Wickham, 2011), ggpmisc
(Aphalo et al., 2023), broom (Robinson, 2014), Rmisc (Hope, 2022), Car
(Fox et al., 2019) and Tidyr (Wickham et al., 2023). Data shown in the
text are mean =+ standard error (SE).

3. Results
3.1. Discoloration of Sphagnum without acidification treatment

At the end of the experiment, submerged Sphagnum capitula in non-
acidified surface water became chlorotic, while minor color changes
were found in the non-acidified emergent treatments (Fig. 2). All other
treatments, including the control groups, remained green.

The greenness of the capitula was affected by acidification (p <
0.001) and its interaction with water level (p < 0.001; Table D.1).
Specifically, submerged capitula in non-acidified surface water were
much less green (+ 54; greenness excess index mode; GEIM) compared
to the other treatments (> 100 GEIM; Fig. 3A). The greenness of emer-
gent capitula in non-acidified surface water was 20 % lower (130 GEIM)
compared to emergent capitula in the same acidified water type (£ 161
GEIM) (p < 0.05). When surface water was acidified, emergence and
submergence did not affect the greenness of the capitula for each water
type respectively and on average the greenness index mode remained
higher than 140 GEIM per treatment (p > 0.05).

Acidification and water level independently and as interaction had a
strong effect on the length of the green part of the mosses (p < 0.001;
Table C1; Table D.2). The green parts of the moss shoots were compa-
rably shorter after five weeks than at the start of the experiment. The
length of the green parts in non-acidified surface water was lower (<
0.26 cm) compared to the acidified treatments (> 2.4 cm) (Fig. 3B).
These did however not differ in acidified surface waters regardless of
water type with green lengths of 2.91 + 0.09 ¢cm on average (p > 0.05).

3.2. Cation contents affected by artificial acidification and water level

Acidification of surface water, water level and water type each had
an individual effect on capitula K contents (p < 0.001; Table D.3). The
interaction between acidification and water level was also significant (p
< 0.001). Emergent capitula in acidified surface water had the highest K
content (256 + 13 pmol K g’1 DW). When capitula were emergent in
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non-acidified surface water they also showed a higher K content
compared to their submerged counterparts (p < 0.001). Submergence in
non-acidified surface water resulted in the lowest K content with values
lower than 71 pmol K g~ DW (p < 0.01; Fig. 4A). Capitula in acidified
surface water (239 + 8.7 umol K g'1 DW) had more than twice the K
content compared to capitula in non-acidified treatments (90.1 + 12.3
umol K g'! DW).

The Na contents in the capitula were affected by acidification, water
level and water type and the interaction between the latter two factors
(p < 0.001; Table D.4). Emergent capitula had two times higher Na
content compared to capitula submerged with a similar water type and
acidification treatment (p < 0.05; Fig. 4B). The extent to which Na
accumulated in the capitula varied per water type (Table A.3). Specif-
ically, emergent capitula with non-acidified water from the Ilperveld
(422 £ 7.4 pmol Na g’1 DW) had more than double the Na content in
comparison to the same treatment with water from Ankeveen (168 +
7.8 umol Na g~! DW; p < 0.001; Fig. 4B) which also supplied less Na to
the mosses (Table 1).

The Ca contents were higher in non-acidified treatments where
submerged capitula had the highest Ca content (p < 0.05; Table D.5).
Overall Ca content in submerged capitula in non-acidified surface water
was on average twice as high with 985 + 76.9 pmol Ca g~! DW
compared to emergent capitula in non-acidified surface water with 468
+ 36.4 pmol Ca g~ DW (Fig. 4C).

Capitula Mg content had a significant three-way interaction between
acidification, water level and water type (p < 0.001; Table D.6). Mosses
in non-acidified Ilperveld water had almost twice the Mg content (290
+ 7.3 pmol Mg g~! DW) compared to capitula in non-acidified water
from Ankeveen (157 + 3.2 pmol Mg g~! DW; p < 0.001; Fig. 4D).
Capitula grown in acidified water from the Ilperveld had 1.5 times more
Mg (150 + 1.6 pmol Mg g~! DW) compared to capitula grown in acid-
ified water from Ankeveen (91.1 =+ 2.2 pmol Mg g~ DW).

3.3. Relationships between greenness, cation contents and nutrient
stoichiometry

Overall K content in the capitula positively correlated with the GEIM
(p =0.76; p < 0.001; Fig. 5A). Mosses submerged in non-acidified water
did not have more than 100 pmol K g ! DW or a higher GEIM than 100.
Na content and the GEIM did not show a correlation (p = —0.17; p =
0.23; Fig. 5B). Both Ca (p = —0.67; p < 0.001) and Mg (p = —0.66; p <
0.001) negatively correlated with the GEIM (Fig. 5C,D). N:K quotient
also negatively correlated with the GEIM (p = —0.66; p < 0.001), with
all submerged mosses in non-acidified water having a N:K quotient
above 3 (Fig. 5E; Table A.1). N contents were affected by water level (p
< 0.001; Table D.7). On average submerged capitula retained more N
compared to emergent capitula for the duration of the experiment
(Table A.2).

4. Discussion

Our experimental results clearly show that acidification of surface
water with high pH and high HCO3 concentration results in more vital
capitula compared to capitula from mosses treated with non-acidified
surface water. The mosses in acidified surface water remained green
and retained more K in the capitula. In previous studies the negative
effects of HCO3 and differences between various Sphagnum species were
investigated (Koks et al., 2019, 2022). We, for the first time, show that
the creation of such an artificial environment through acidification of
alkaline surface water supports Sphagnum survival, even though con-
centrations of other ions than HCO3 remain (very) high. These findings
may encourage field-scale acidification to aid the establishment of
Sphagnum in bog and poor fen restoration or paludicultures in a heavily
altered peatland landscape characterized by HCO3 rich surface waters.
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4.1. Interacting effects of water level and artificial acidification

Emergent moss capitula survived in HCO3 rich water during the
entire experiment. In natural rich-to-poor fen succession Sphagnum can
expand when accumulation of organic matter results in a higher distance
from HCOs3 rich water, facilitating growth (Kooijman et al., 2015;
Vicherova et al., 2015). In our experiment we also show this principle
with Sphagnum survival as long as they are emergent. By contrast,
flooding of capitula with HCOj3 rich surface water hampers Sphagnum
expansion and poor fen development (Kooijman et al., 2015; Vicherova
et al., 2015). The submerged mosses in non-acidified surface water
showed K leakage and became chlorotic within the duration of the
experiment, which is likely the result of the combination of high pH and
high HCO3 concentrations (Clymo, 1973; Koks et al., 2019, 2022).
Former experimental studies showed that Sphagnum died when

submerged in water having a high pH and high HCO3 concentration
(Koks et al., 2019, 2022; Vicherova et al., 2015). As our experiment ran
for five weeks, long-term effects on moss survival and growth remain to
be determined. For example, it remains unknown how long Sphagnum
can survive in HCO3 -rich water when capitula are emergent. Emergent
mosses in non-acidified surface water had lower green shoot lengths
compared to acidified treatments which may further affect capitula in
long term studies. Interestingly, we found that shoots of mosses in
emergent treatments remained greener compared to submerged mosses
in non-acidified surface water. This was surprising as shoots in all
treatments were submerged. Shoots that remained green in treatments
where capitula were emergent might be attributed to higher photosyn-
thesis due to higher CO, diffusion in the air remaining more resilient
against HCO3 (Smolders et al., 2001). However exact reasoning remains
elusive.
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4.2. Effects of high cation concentrations

As long as the pH and HCO3 were lowered through artificial acidi-
fication, no lethal effects of high Na concentrations (even +16,000 pmol
L~! Na; Ilperveld) combined with other ions were found. In a previous
laboratory study when salts encrust onto Sphagnum recurvum, it was
described to be lethal at 300 mg L~ NaCl (5140 pmol L~! NacCl) (Wilcox,
1984). For Sphagnum fimbriatum similar concentration was described at
which growth is significantly reduced but not yet lethal as is the case for
S. recurvum when salts encrust (Wilcox, 1984; Wilcox and Andrus,
1987). However these studies do not describe the pH and/or alkalinity
used in these experiments moreover the experimental design was also
different. We found that at pH 4.0 green part of the S. palustre shoots
were + 1 cm shorter in both acidified surface waters compared to
rainwater solution showing some chlorotic effects of high cation con-
centrations compared to the control groups. Capitula in the emergent
treatments had higher Na content, which suggests transport of Na,
which may be a result of higher capillary transport by evaporation due
to the position of the capitula. Even though Na has a limited physio-
logical role in Sphagnum it is taken up into the cells where it can accu-
mulate (Hajek and Adamec, 2009). Moreover we suspect emergent
capitula can better maintain their homeostasis compared to submerged
capitula as Sphagnum palustre is acclimated to a semiaquatic environ-
ment (Rydin and Jeglum, 2006). Nevertheless, it is unclear how these
results translate into field situations with this experiment being executed
in a controlled environment with lower evaporation in general. In a field
situation, ion fluxes in mosses may increase during periods of drought,
high temperatures and increased evaporation causing harm (Wilcox,
1984). By contrast, in submerged treatments mosses accumulated more
Ca than Na, which was especially prevalent in non-acidified treatments
with Ca potentially precipitating onto the mosses as the cation exchange
capacity could be saturated (Hajek and Adamec, 2009). This may be
explained by a higher Ca sorption at a higher pH (Richter and Dainty,
1989). Both Ca and Mg concentrations were higher in submerged mosses
in non-acidified surface waters. Interestingly, Mg accumulated into
capitula regardless of emergence/submergence. However we cannot
distinguish between the intracellular and extracellular cation fraction as
the total ion contents in the capitulum were measured.

4.3. Nutrient stoichiometry and greenness

Mosses submerged in non-acidified surface water had less K
compared to other treatments that resulted in a skewed N:K quotient.
Electrolyte leakage such as loss of K is a response in plants to environ-
mental stressors and can be an indicator of cell death (Demidchik et al.,
2014). This also seems the case for Sphagnum mosses as they leak K into
their environment when stressed due to HCO3 (Koks et al., 2022). This
was not the case for N, which the capitula largely retained during the
experimental period. However N can be leaked when mosses are stressed
for a longer period (Van Den Elzen et al., 2017) (Table A.2).

5. Conclusions, implications for management and future
research

Our experiment confirms that artificial acidification of surface water
mitigates the adverse effects of a high HCO3 concentration on Sphagnum
health during five weeks exposure to HCOs; and ion rich waters.
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Specifically, submerged capitula in non-acidified waters died within the
five weeks, while mosses in acidified water survived.

Our results can aid bog and poor fen restoration or the initiation of
Sphagnum paludicultures in areas characterized by HCO3 rich surface
waters where suitable surface water is difficult to obtain. To overcome
extreme drought events for example, managers have the choice of either
irrigating with HCO3-rich surface water without flooding capitula or
artificially acidifying surface water at field scale irrigating moss capitula
regardless of flooding conditions. This might be a lesser issue for
countries where HCO3 rich surface waters are easily avoided but when
re-wetting drained peatlands it is still important to evaluate and use
surface water with the right quality. Next to water quality, application
also depends on hydrological conditions. Irrigating whilst maintaining
emergent capitula may be easier to realize in floating peatlands
compared to terrestrial peatlands which are less mobile and more
readily flooded. Yet, the long-term effect of acidification and flooding on
Sphagnum growth and performance in the field remains to be elucidated.
We conclude that our results can aid in mitigating HCO3 -induced stress
and overcome drought periods in restoration or paludiculture programs.
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Appendix A. Nutrient stoichiometry
Table A.1

C:N, N:P, N:K and P:K quotients (g g~1) in the capitula at the end of the experiment. In the reference group mosses were immediately dried and processed before the
start of the experiment. Values show mean and standard error (n = 5; for reference material n = 13).

Water type Acidification Water level C:N N:P N:K P:K

Rainwater Control Emergent 34.2+1.7 10.7 +£ 0.3 1.6 £0.1 0.1 +0.01
Submergent 298 £1.5 8.8+ 0.2 2.8+ 0.2 0.3 + 0.02
i Emergent 356 +1.1 9.9+ 0.2 1+0.1 0.1 +£0.01

Acidified
Ankeveen Submergent 26.9 + 0.9 11.6 +£ 0.7 1.7 +£0.1 0.1 +0.01
Non-acidified Emergent 384+1.6 9.1 +0.3 1.6 +£0.2 0.2 + 0.02
Submergent 32.6 £ 1.4 10.3 + 0.4 4.9 + 0.6 0.5 + 0.07
. Emergent 379+2 7.7 £ 0.3 1.2+0.1 0.2 4+ 0.01

Acidified
Iperveld Submergent 29.6 + 0.6 6.1 +0.1 1.6 +0 0.3 +£ 0.01
P Non-acidified Emergent 37.8 +£21 8.8 + 0.4 3.3+ 0.9 0.4 + 0.09
Submergent 29.3+1.7 89+0.4 9.4 £ 0.5 1.1 +0.02
Reference 35+ 1.1 8.3+ 0.2 1.4+ 0.1 0.2 4 0.02

Table A.2

Nutrient contents C (mmol g DW ™) and N (pmol g DW™1), P (umol g DW 1), K (umol g DW 1) in the capitula at the end of the experiment. In the reference group
mosses were immediately dried and processed before the start of the experiment. Values show mean and standard error (n = 5; for reference material n = 13).

Water type Acidification Water level C N P K
Rainwater Control Emergent 342+ 0.2 865 + 47.5 36.7 £ 2.3 197 +16.5
Submergent 33.4+0.1 970 + 48.1 499 +1.8 125+ 7.4
Acidified Emergent 33+0.1 800 + 24 36.5+1.5 286 +£ 11
Ankeveen Submergent 33.6 £ 0.2 1074 + 41.6 42.7 £ 3.3 230 +18.6
Non-acidified Emergent 32+0 720 + 29.8 35.8+2.1 171 +10.9
Submergent 30.8 £0.2 818 + 37.6 36 £ 0.8 62.8 + 6.3
Acidified Emergent 32.6 £ 0.1 747 + 41.5 43.8+ 2.1 226 + 14.5
Tiperveld Submergent 325+ 0.2 944 + 19.6 69.8 + 2 214 £ 2.9
Non-acidified Emergent 31.8 £0.1 731 + 41.1 37.6 + 1.8 92.2 +11.9
Submergent 30.5+ 0.2 904 + 48 459 +1.5 345+14
Reference 35+ 0.1 865 + 25.5 475+ 1.2 224+78
Table A.3

Ca, Na and Mg contents in the capitula at the end of the experiment (umol g DW™1). In the reference group mosses were immediately dried and processed before the
start of the experiment. Values show mean and standard error (n = 5; for reference material n = 13).

Water type Acidification Water level Ca Na Mg
Rainwater Control Emergent 131.6 + 12.6 80.1 +£5 85.6 + 4
Submergent 185.6 + 3.6 63.5+7.2 117 £ 0.8
. Emergent 2341 +7.7 130 +£11.3 89.2+1.5
Acidified
Ankeveen Submergent 273.5 £ 26.9 87.6 +13.8 93 +£4.3
Non-acidified Emergent 571.3 £23.9 168.5+7.8 166.3 + 2.7
Submergent 1099.6 + 121 100.1 +7.4 148.6 £ 1.5
Acidified Emergent 190.6 + 10.3 298.8 £ 51.3 149.5 + 2.1
liperveld Submergent 200.4 £ 5.2 80.9 + 4.1 150.7 + 2.8
Non-acidified Emergent 364.3 £6.1 4221 +7.4 271.1 + 4.4
Submergent 870.1 £73.4 105.9 + 5.2 309.6 + 6.4
Reference 479 £ 1.7 75.2 £ 2.2 79.1+1.6

Appendix B. Water chemistry

Throughout the experiment the solution was renewed five times, once every week. Before renewal, the pH was measured in all stocks using a
Hq40D meter coupled to a PHC201 probe (Hach, Loveland, Colorado, United States) after which 1 mL syringes were filled for the Total Inorganic
Carbon (TIC) concentration quantification. The TIC was measured using an infrared gas analyzer (IRGA; ABB Analytical, Frankfurt, Germany). Using
the TIC concentration, temperature, pH and carbonic equilibrium constants the bicarbonate (HCO3) and carbon dioxide (CO3) concentrations were
calculated (Dickson and Millero, 1987; Stumm and Morgan, 1996). In addition, 10 mL samples were conserved using HNOs for further analysis
(calcium (Ca), magnesium (Mg), sodium (Na), phosphorus (P) and sulphur (S)) with inductively coupled plasma emission spectrometry using a
streaked optical pyrometer plasma having a power of 1150 W and a nebulizer flow of 0.6 L min ™! (sea spray nebulizer with cyclone chamber) (ICP-
OES iCAP 6000, Thermo Fischer Scientific; Bremen, Germany). From each sample, a 20 mL subsample was frozen in —20 °C for later analyses. Nitrate
(NO3) and ammonium (NH$) were analyzed following NEN protocols (NEN-EN-ISO 13395:1997; NEN-EN-ISO 11732:2005) adapted to the Seal Auto
Analyzer System and chloride (Cl") was analyzed using method no. G-133-95 on an Auto Analyzer system III (SEAL Analytical Ltd., Norderstedt,
Germany). Potassium (K*) surface water was analyzed using flame photometry with lithium as reference with a Model 420 Flame Photometer
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(Sherwood Scientific Ltd., Cambridge, United Kingdom).
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Dickson, A.G., Millero, F.J., 1987. A comparison of the equilibrium constants for the dissociation of carbonic acid in seawater media. Deep Sea Res.
Part Oceanogr. Res. Pap. 34, 1733-1743. https://doi.org/10.1016/0198-0149(87)90021-5.
Stumm, W., Morgan, J.J., 1996. Aquatic chemistry: chemical equilibria and rates in natural waters, 3rd ed. John Wiley & Sons Inc., New York, NY.

Appendix C. Moss shoots

Table C1

Overview of representative moss shoots per treatment after 5 weeks at the end of the experiment.

Control Ankeveen llperveld Ankeveen llperveld
Acidified Non-acidified Scale
Emergent
I lcm
Submerged
I lcm

Appendix D. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ecoleng.2025.107579.

Data availability

The data can be found on the research repository Zenodo:
https://doi.org/10.5281/zenodo.15012689
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