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Since  the  re-establishment  of  a more  natural  water  regime  is  considered  by water  management  in
wetlands  with  artificially  stable  water  levels,  the biogeochemical  and ecological  effects  of  water  level
fluctuation  with different  nutrient  loads  should  be  investigated.  This  is  particularly  important  for  bio-
diverse  mesotrophic  fens,  sensitive  to acidification  and  eutrophication.  Mesocosm  experiments  were
conducted  to study  the  interactive  effects  of water  level  fluctuation  and P-enrichment  under  controlled
summer  conditions,  using  peat  cores  including  vegetation  from  three  fens  differing  in  biogeochemical
characteristics.

The  effects  of fluctuating  water  levels  on  biogeochemistry  and  vegetation  appeared  to  be  highly
dependent  on  peat  chemistry,  and  more  important  than  the  effects  of  P-enrichment.  Only  when  plant
growth  was  stimulated  by  a  favorable  water  level  regime,  P-enrichment  led  to increased  P-consumption
by  plants.  In rich  fens  with  a high  soil  Ca-content,  7 weeks  of  lowered  water  table  (−15  cm)  did  not  lead
to  a drop  in  pH.  However,  soil  subsidence,  increased  N-availability  and  decline  of  the  rich  fen  bryophyte
Scorpidium  scorpioides  give  cause  to concern.  7 weeks  of inundation  (+15  cm)  offered  possibilities  for
restoration  in  these  fens,  since  alkalinity  and  Ca-concentrations  increased,  while  soil  P-mobilization  did
not occur.  Even  P-enrichment  did not  result  in  increased  P-availability,  presumably  due  to  Ca-related
precipitation  of P.  In rich  fens  with  a high  soil  Fe-content,  water  table  lowering  should  be  avoided  as well,
because  of  soil  subsidence,  increased  N-availability,  decline  of  the  rich fen  bryophyte  Calliergon  gigan-
teum,  plus  acidification  due  to Fe-oxidation.  Shallow  inundation,  however,  is  also  harmful,  especially
after  mowing  and  with  P-rich  water,  because  plant  growth  was  hampered,  presumably  by toxicity  of
NH4

+ and/or  Fe(II).  In mineral-poor  fens  with  a high  soil  P-  and  S-content,  shallow  inundation  should  be
avoided,  because  of  tremendous  internal  P-mobilization.  Vitality  of the dominant  bryophyte  Sphagnum

palustre,  however,  was  not  affected.  Low  water  tables  affected  neither  vegetation,  nor  biogeochemistry,
showing  resistance  to short-term  drought  in  these  fens.

Given  the  strong  mediating  effect  of  soil  chemistry,  risks  and  benefits  of re-establishment  of  fluctuating
water  levels  with  clean  or P-rich  water  need  to be considered  for different  fen  types  separately  in water
and  nature  management.
. Introduction
Mesotrophic fens, which are protected under the European
abitats Directive (H7140 – Transition mires and quaking bogs),
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are subject to serious deterioration in agricultural areas. Water
shortage, acidification, eutrophication, and accumulation of toxins
are considered to be major constraints on effective management
and restoration of these fens (Lamers et al., 2015). Especially in
rich fens, the combined effect of acidification and eutrophica-
tion is considered problematic, since characteristic species-rich

vegetation communities may  rapidly be transformed into rela-
tively species-poor Sphagnum-dominated communities (Kooijman,
1992). As a result of differences in their hydrogeological setting
and climatological conditions, rich fens show range of different
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ydrological regimes from no fluctuation to fluctuations between
50 cm and >1 m,  affecting vegetation and peat accumulation

Lamers et al., 2015). In agricultural areas, however, water level
uctuations are generally constricted within narrow limits by

ntensive hydrological management. In pristine wetlands, however,
ater levels vary with the meteoric and groundwater balances

n and around these wetlands (Baker et al., 2009), affecting bio-
eochemical processes and plant succession. Therefore, water
anagement authorities are considering re-establishment of fluc-

uating water levels in order to optimize the generic ecological
uality in non-pristine fens (Cusell et al., 2013a). However, soil
iogeochemical characteristics largely differ among different fen
ypes, as influenced by Ca-rich or Fe-rich surface water and ground-
ater, or by historical flooding with sulfate-rich seawater. Also,
ith a higher incidence of water table fluctuation, water quality

ecomes an important factor, especially when fens are inundated
rom time to time. To support water management authorities
n decision-making, therefore, a better understanding of the dif-
erent biogeochemical and ecological effects of fluctuating water
evels with different water qualities for various fen types is
ssential.

During periods of drought, aerobic oxidation processes prevail
ue to oxygen intrusion into the soil, potentially decreasing the acid
eutralizing capacity (ANC) and pH (Stumm and Morgan, 1996),
nd increasing N- and P-mineralization (Olde Venterink et al., 2002;
ettrop et al., 2014). These effects could hamper the development

f protected brownmoss vegetation in rich fens, especially during
ummer (Cusell et al., 2013b). However, temporary drought may
e beneficial to some extent, since Fe-oxidation can lead to rapid
inding of phosphate in the soil (Richardson, 1985), temporarily
educing P-availability in porewater that can be important to main-
ain P-limitation. Although the general effects are relatively well
nown, the actual impact of drought may  strongly differ among
ens with different biogeochemical characteristics. In Fe- and S-
ich fens, the effects of drought-induced oxidation and acidification
ay  be stronger than in Ca-rich fens, because Ca is not redox sen-

itive and changes in pH can be buffered (Stumm and Morgan,
996). The response of P-availability to drought may  also differ
mong fen types, since the P-binding capacity of the soil under
xic conditions is expected to strongly depend on the Ca and/or Fe
ontents.

During wet periods, the water table increases and inundation
ay  occur. In the case of Ca-HCO3

− rich water, inundation and
nfiltration can increase soil ANC (Cusell et al., 2013a, 2015). In
ddition, inundation leads to the sequential reduction of nitrate,
ron and sulfate as alternative terminal electron acceptors. Since
hese microbial processes generate alkalinity, the ANC may  further
ncrease (Stumm and Morgan, 1996). At the same time, however,
-availability may  increase as a result of net P-mobilization (inter-
al eutrophication) due to Fe reduction (Patrick and Khalid, 1974).
specially in Fe-rich soils with high P-contents, this anaerobic P-
obilization can be severe (Zak et al., 2010; Cusell et al., 2013b).
oreover, high sulfate reduction rates and formation of iron sul-

des (FeSx) may  result in additional P-mobilization in S-rich soils
Smolders and Roelofs, 1993; Caraco et al., 1989; Lamers et al.,
998b). In addition, anaerobic conditions may  lead to the forma-
ion of potential phytotoxins such as NH4

+, H2S, and Fe(II) (Lamers
t al., 2015).

Increased surface water influence, as a result of inundation, can
lso lead to higher nutrient inputs (external eutrophication) (e.g.
assen et al., 1996). In relatively nutrient-poor (mesotrophic) fens

djacent to agricultural areas, external P-input can be highly detri-

ental (Lamers et al., 2015), and its effect strongly depends on

iogeochemical characteristics of the peat soil.
The main objective of this study was to test the effects of

ater level fluctuation and water quality for fens differing in
neering 85 (2015) 226–236 227

biogeochemical characteristics. To be able to study the interacting
effects under controlled conditions, we carried out a mesocosm
experiment involving two rich fens differing in soil Fe-content
and a mineral-poor fen with a high soil P-content, typical for fen
types in many parts of the world. Water level effects were not only
studied separately, but also subsequently, to assess whether the
effects of drought could be restored by inundation, and vice versa.
Studying these different water level sequences over time is also
important for the field situation because vegetation development
varies greatly over the growing season. We  measured soil sur-
face height, ANC, nutrient dynamics and vegetation development.
It was  hypothesized that increased surface water P-loads would
particularly promote vegetation growth. Further, we  expected that
drought would result in acidification, particularly in Ca-poor fens,
because these are considered to be more sensitive than Ca-rich fens
(Lucassen et al., 2002). Inundation was hypothesized to result in
alkalinization, but also in internal P-mobilization, particularly in
Fe-rich fens.

2. Material and methods

2.1. Three fen types

Peat cores were collected from three different locations with
characteristic fen types, differing in chemical composition of peat
and porewater.

The Stobbenribben rich fen (‘ST’; N52◦47′5.5′′, E5◦59′1′′; dom-
inated by Scorpidium scorpioides (Hedw.) Limpr.) is part of the
Ramsar wetland area Weerribben-Wieden, and characterized by
supply of lithotrophic base-rich surface water (Van Wirdum, 1991).
As a result, relatively high pH and Ca-concentrations were detected
in soil porewater (Table 1). The low soil Ptot content and high
Catot content of 247 mmol  kg−1 d.w. resulted in a relatively high
average soil molar Ca:P ratio of 27. Vegetation was  dominated by
Cyperaceae, predominantly Carex elata (All.), and to a lesser extent
Carex lasiocarpa (Ehrh.), Carex diandra (Schrank) and Carex rostrata
(Stokes).

The Binnenpolder Tienhoven rich fen (‘BPT’; N52◦10′30.7′′,
E5◦6′0.4′′; dominated by Calliergon giganteum (Schimp.) Kindb.) is
part of the Vechtplassen area, and characterized by discharge of
base-rich and Fe-rich groundwater in the former floodplain of the
river Vecht. Although Ca-concentrations were relatively high, this
site was  especially rich in Fe, with porewater Fe-concentrations
around 500 �mol  L−1. In addition, soil Fetot content was  respec-
tively 6–7 times higher than in the other two locations, resulting in
a relatively high molar Fe:P ratio of around 13. Vegetation was dom-
inated by Menyanthes trifoliata (L.) and Juncaceae, predominantly
Juncus subnodulosus (Schrank), and Juncus articulatus (L.).

The mineral-poor Ilperveld fen (‘ILP’; N52◦26′35.7′′,
E4◦55′56.1′′; dominated by Sphagnum palustre (L.)) was char-
acterized by high porewater Stot concentrations and a relatively
high soil Stot content, as a relic of flooding by the former Zuiderzee
inland sea in the past. This fen type was further characterized by
very high porewater o-PO4 concentrations of around 40 �mol  L−1,
respectively 75 and 370 times higher than for the ST and BPT rich
fen types, while soil Ptot was  only 1.3–2 times higher. Vegetation
was dominated by Phragmites australis (Steud.) and Carex riparia
(Curtis).

2.2. Experimental setup

In each fen type, 24 peat soil cores of the upper 30 cm,  including

mosses and vascular plants, were collected in December 2012 using
PVC columns with a diameter of 16 cm and a length of 50 cm. Since
sampling took place in winter, biomass was  still low. The cores were
subsequently used in a 14 week mesocosm-experiment.



228 I.S. Mettrop et al. / Ecological Engineering 85 (2015) 226–236

Table 1
Initial soil characteristics of the three fen types. Means with standard deviations (n = 24) are shown, different letters indicate significant differences between fen types, and
F-ratios  are shown with their level of significance: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. D.w. = dry weight of peat soil.

Variable ST BPT ILP F2,69

Soil porewater
pH 6.6 (0.2)b 6.5 (0.2)b 6.0 (0.2)a 59.2**
Alkalinity (meq L−1) 3.1 (0.8)b 7.1 (1.4)c 1.7 (0.5)a 191.8**
Ca  (�mol  L−1) 1503.5 (408.5)b 3685.9 (953.1)c 528.9 (129.5)a 172.3***
Fe  (�mol L−1) 6.6 (4.0)a 477.3 (160.9)c 97.5 (59.2)b 126.5**
S  (�mol L−1) 47.3 (17.9)b 22.4 (4.6)a 176.5 (50.4)c 171.1**
o-PO4 (�mol  L−1) 0.5 (0.2)a 0.1 (0.0)a 37.0 (24.2)b 55.1**

Soil
Fetot (mmol  kg−1 d.w.) 33.2 (15.3)a 184.7 (24.0)b 26.3 (6.0)a 679.9***
Catot (mmol kg−1 d.w.) 246.6 (18.2)c 192.6 (22.9)b 126.2 (14.8)a 244.9***
Stot (mmol  kg−1 d.w.) 109.8 (29.1)b 65.6 (9.2)a 117.7 (14.6)c 22.7***
Ptot (mmol  kg−1 d.w.) 9.3 (1.4)a 13.8 (1.3)b 18.5 (3.6)c 54.6***
Catot:Ptot (mol mol−1) 27.0 (4.2)c 14.0 (1.8)b 8.4 (1.8)a 266.9***
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Fetot:Ptot (mol mol−1) 3.6 (1.7)b

Fetot:Stot (mol mol−1) 0.3 (0.2)a

The 24 soil cores per fen (ntot = 72) were treated with different
ater qualities and water level regimes. Within the factor water

uality we distinguished between ‘clean’ or ‘P-rich’ supply-water.
ith regard to water level treatment three different situations
ere simulated: (1) a control treatment with water levels at the sur-

ace (0 cm)  throughout the experiment, (2) a situation with initial
rought, with water levels at −15 cm,  followed by inundation, with
ater levels at +15 cm,  and (3) the reverse regime: first inundation,

hen drought. Four cores were assigned per treatment combination
n = 4). The experiment was  conducted in a 18 ◦C climate room to
imulate summer conditions (relative air humidity of 50–60% and
6 h of light with a PAR intensity of 150 �mol  m−2 s−1). To be able
o assess vegetation development during the water level sequences
ver time, all above-ground vegetation was clipped at soil surface
evel just before the start of the treatments.

The experiment was conducted under summer conditions,
ecause microbial activity considerably increases with increased
emperature. Therefore, increased internal alkalinization (Cusell
t al., 2013a, 2013b, 2015) and potential toxic concentrations for
en bryophyte spp. (Paulissen et al., 2004) are expected especially in
ummer. In addition, plant activity also increases with temperature,
o the interaction between plant development and biogeochemical
esponses in the peat soil are best to examine under summer con-
itions. Finally, infiltration of supply-water was expected to occur
ainly under summer conditions (Cusell et al., 2015). We  chose for
ater level treatments of 7 weeks, because these relatively short
eriods of drought and inundation are shown to occur in isolated
ich fens with fluctuating water levels, as indicated by field redox
easurements (Appendix A in Mettrop et al., 2014, 2015). Changes

n the water level of only +15 cm and −15 cm are shown to strongly
nhance reduction and oxidation respectively, at least after 3 weeks
Cusell et al., 2013b).

Uniform water qualities were applied for all fen types (Table 2).
he quality of the water supplied was based on the natural surface

ater in ST. As a result, water quality treatments for BPT and ILP
iffered from water quality in the field situation. This was, however,
ecessary in order to be able to statistically compare the effect of

water quality’ among the different fen types.

able 2
hemical composition of the supplied water.

Chemical compound Concentration (�mol  L−1)
CaCl2·2H2O 1500
MgCl2·6H2O 300
KCl 100
NaHCO3 2000
NaH2PO4·H2O 15 (only P-rich treatments)
3.4 (1.7)c 1.7 (0.4)a 460.9***
2.9 (0.5)b 0.3 (0.1)a 578.0***

Water quality and level were regulated by placing the peat cores
(with 4 pores of 5 mm diameter drilled at 1 cm above the bottom of
their PVC columns) inside outer columns filled with either clean or
P-rich water (Fig. 1). In case of inundation, flow of water through
the peat cores was simulated with a pumping system (Masterflex
L/S), by which supply-water was added drop wise on top of the
inner core and was discharged from the system via the outer core
to simulate field conditions as well as possible. PO4 concentrations
in the P-rich supply-water amounted to 15 �mol L−1, which is high
but representative for surface waters in fens situated in or adja-
cent to agricultural areas in the Netherlands (e.g. Koerselman et al.,
1990). This concentration was  much higher than the initial pore-
water concentrations of the rich fens ST and BPT, but much lower
than in the ILP fen. A flux of 56.6 L water per m2 per day was applied
via the pumping system, resulting in a P-supply of 9.6 g P per m2

per year in the case of P-rich treatment.
The experiment was  divided into ‘period 1’ and ‘period 2’ by a

water level turning point halfway through the experiment (T = 7
weeks), after which the cores with a −15 cm water level were sub-
ject to a +15 cm water level and vice versa. Period 1 represented
the field situation shortly after winter, when plant biomass is still
small. Period 2 represented the situation further in the season,
when vegetation has already developed. Water level changes were
regulated by raising or lowering the inner core 30 cm,  while the
water level remained unchanged in the outer core. In the cores
subject to drought or control treatment, which were not part of the
pumping system, water levels were adjusted with demineralized
water three times a week to compensate for evapotranspiration.

2.3. Measurements

Peat soil characteristics of the upper 10 cm were determined
by microwave destruction of 200 mg  aliquots of dry, ground soil
with 4.0 mL  HNO3 (65%) and 1.0 mL  HCl (37%), and ICP analysis
(Bettinelli et al., 1989). Porewater samples from the upper 10 cm of
the peat soil were collected every week with permanently installed
soil moisture samplers (Rhizon SMS-10 cm;  Eijkelkamp Agrisearch
Equipment, the Netherlands), connected to vacuumed serum bot-
tles of 50 mL. pH-values were measured with a standard Ag/AgCl
electrode and alkalinity was  determined by titration down to pH 4.2
by using 0.01 mol  L−1 HCl. Concentrations of o-PO4, NO3, NH4 and
dissolved organic matter (DOC) in porewater were measured using
auto-analyzer (Skalar, San++ System, fitted with Skalar, SA1074).

Total dissolved concentrations of Ca, Fe, and S were measured by
an ICP Spectrometer (IRIS Intrepid II, Thermo Electron Corporation).
In addition, water samples from the outflow of inundated cores
were analyzed once during both periods. It was  easy to distinguish
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ig. 1. Experimental set-up. Via the principle of communicating vessels the water le
nchanged throughout the experiment. Drought (−15 cm)  was simulated by raising
ystem (C).

etween the peat substrate and the green and vital living moss
ayer on top of the peat soil. The height of the peat soil surface, just
eneath this living layer, was measured relative to the top of the

nner core at a weekly base.
Plant community composition was recorded just before the

urning point of the water level and at the end of the exper-
ment. At these moments moss vitality was also assessed by

easuring photosynthetic yields at the apex of five randomly
elected individuals from each core after 30 min  of dark adaption,
sing pulse-amplitude modulated (PAM) chlorophyll fluorome-
ry in combination with saturating pulse analysis of fluorescence
uenching (Junior-PAM fluorometer, Heinz Walz GmbH, Germany).
itality was expressed as (Fm − F0)/Fm, in which Fm stands for the
aximum fluorescence upon intense light pulse and F0 for the min-

mum of chlorophyll fluorescence at reduced light intensity, both
easured regarding photosynthetic system II. At the end of the

xperiment above-ground plant biomass was harvested, dried at
0 ◦C, separated into five groups of most common species (Cyper-
ceae, Juncaceae, Poaceae, Menyanthaceae and a ‘rest group’), and
nally weighted per vegetation group. Total C and N contents in
ried, ground plant biomass were measured with a CHNS analyzer
Elementar, Vario EL Cube, Hanau, Germany). Total P in dried plants
as measured by total microwave digestion and ICP analysis, as
escribed for soil analysis. Potential nutrient limitation for vegeta-
ion was assessed using vascular plant foliar N:P ratios (Koerselman
nd Meuleman, 1996).

.4. Statistical analyses

Initial differences between the three fen types were tested by
ne-way ANOVA with LSD (least significant difference) post hoc

nalyses, using ‘fen type’ as fixed factor.

Analysis of the treatment effects was conducted for each fen
ype separately, because of the large differences in chemical char-
cteristics between the fen types. A linear mixed model was used
he soil cores was regulated. Reference cores with a water level at 0 cm (A) remained
ner columns by +30 cm (B), and inundation (+15 cm) was  simulated by a pumping

to test the response to the two fixed factors ‘water quality’ and
‘water level’. Since samples were taken several times consecutively
from the same cores, the model was  run with a residual repeated
covariance structure (‘AR(1): Heterogeneous’) and time as repeated
effect. In order to assess potential effects of the shift in water level
halfway, the factor water level was categorized into six separate
treatments: 0 cm in period 1, −15 cm in period 1, +15 cm in period
1, and 0 cm in period 2, −15 cm in period 2, +15 cm in period 2. Dif-
ferences resulting from these water level treatments were further
tested by LSD post hoc analyses, and differences between the ref-
erence cores with water levels at 0 cm in period 1 versus period 2
were used as indicator for the effect over time.

Measurements on vegetation characteristics at the end of the
experiment were tested for significant differences between fen
types by applying a one-way ANOVA with LSD post hoc analy-
ses, using ‘fen type’ as fixed factor. Differences between treatments
were tested separately per fen type by applying a two-way ANOVA
with LSD post hoc analyses, using water level and water quality as
two main fixed factors.

All statistical analyses were performed using SPSS 20.0 for Win-
dows (IBM Inc., 2011). P-values in the text are indicated as follows:
*P ≤ 0.05, **P  ≤ 0.01, ***P ≤ 0.001.

3. Results

For reasons of clarity, responses to the treatment combinations
are presented in the following order: (1) development of the above-
ground vegetation as measured at the end of the experiment, (2)
responses of soil and porewater characteristics during the experi-
ment, and (3) moss vitality at the end of the experiment.
3.1. Above-ground vegetation development

Total above-ground biomass at the end of the experiment was
clearly lower in ST than in BPT and ILP (F2,69 = 14.2***) (Fig. 2A).
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emarkably, supply of P-rich water did not lead to an overall
ncrease in above-ground biomass in any fen type (ST: F1,18 = 0.0NS;
PT: F1,18 = 0.0NS; ILP: F1,18 = 1.0NS). Plant species composition was,
owever, affected by water quality. Cyperaceae declined with P-
nrichment in the reference cores with water levels at 0 cm in all
en types.

Water level treatment did not affect total biomass in ST
F2,18 = 1.8NS), and biomass remained relatively low in all treat-

ents. In BPT and ILP however, biomass was 3–4 times higher than
n ST, and affected by water level treatment. Biomass was lower

hen the soil was first inundated, and then subjected to drought,
han in the reference cores or the cores subjected to inundation
fter drought (F2,18 = 4.1* and F2,18 = 3.5*). In BPT, the reduction in
iomass when initially inundated was stronger with supply of P-
ich water than with clean water, as indicated by an interaction
etween water level × water quality (F2,18 = 3.1*). In ILP, particu-

arly P. australis was stimulated by inundation after drought.
The three fen types clearly differed in plant tissue nutrient

ontents and type of nutrient limitation (Appendix B.1). ST was
haracterized by the highest N:P ratio in vegetation of 40 on aver-
ge (F2,67 = 49.1***), which was mainly due to the lower plant P
ontent (F2,68 = 15.4***), suggesting P-limitation. In BPT and ILP, N:P
atios were on average 27 and 16 respectively, which suggest P-
imitation for BPT and balanced availability of N and P for ILP. In

T and BPT, water quality did not affect plant N:P ratios in gen-
ral (F1,16 = 4.3NS and F1,18 = 4.2NS). However, for both fens, water
uality showed interactive effects with water level (F2,18 = 4.8* and
2,18 = 5.9*). In the inundation after drought treatment, in which
t in above-ground biomass per m2 (B) at the end of the experiment. Different water
 = 4).

vegetation growth was higher than in other treatments, tissue P-
contents were higher with P-rich than with clean water, and N:P
ratios 2 times lower. This indicates that the extra P was actually
taken up by the vegetation, in contrast to the treatment with inun-
dation first that strongly hampered biomass growth. In BPT, after
drought, inundation with P-rich water even led to N:P ratios lower
than 16, indicating balanced availability of N and P. In ILP, where
P-availability was already relatively high, plant N:P ratios were nei-
ther influenced by P-enrichment (F1,18 = 0.5NS) nor by water level
(F2,18 = 2.0NS).

Total P-uptake by above-ground phanerogams per m2 was
generally the highest when the soil was inundated with P-rich
water after drought (Fig. 2B), as indicated by interactions of
water level × water quality (ST: F2,17 = 3.0*; BPT: F2,18 = 12.3***; ILP:
F2,18 = 3.9*). This peak coincided with higher tissue P-contents for
all three fen types, and with a clear increase in biomass in BPT and
ILP. Only when plant growth was  stimulated by a favorable water
level regime, P-enrichment led to increased P-consumption by veg-
etation. In contrast, in the control treatment and especially when
the soils were inundated from the start of the experiment, total P-
uptake per m2 by the vegetation was  low in all three fen types, even
when P-rich water was  supplied.
3.2. Soil and porewater characteristics

All statistics of treatment effects during the experiment are
shown in Appendix B.2.
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.2.1. Soil surface height
For all fen types, the reference cores with water levels at 0 cm

howed no significant changes over time. As expected, soil surface
eight was influenced by water level treatment in all fen types,
lthough this effect strongly depended on the sequence of the
hange (Appendices A.1 and B.2). Inundation led to a slight increase
f the soil surface of 1–2 cm in all fen types, both with and with-
ut prior drought. Drought during the first period did not show
ny effect. However, drought during period 2 led to significant
ubsidence of 3–5 cm in all fen types when preceded by inunda-
ion, when vegetation development was limited. In ST and ILP, this
ubsidence was stronger under P-rich conditions.

.2.2. Porewater pH and ANC
Water quality (P addition) did not significantly influence

a-concentrations, alkalinity or pH in any fen type (Appendix
.2:a,b,c). Water level, however, did affect these three parameters

Appendix B.2). Reference cores with water levels at 0 cm showed
o change over time. Drought, however, decreased alkalinity for all

en types, accompanied by decreased Ca-concentrations especially
or BPT. The decrease in alkalinity by drought was stronger when
receded by inundation in ST and ILP, resulting in lowered pH. BPT,
owever, showed a remarkable increase in pH with drought, lead-

ng to pH values of 7.0 on average, despite the strong decrease in
lkalinity from 6.5 to 1.5 meq  L−1 during period 1.

In ST and BPT, Ca-concentrations only increased upon
nundation in period 2, when preceded by drought. Ca-
oncentrations increased to concentrations around 2000 �mol  L−1

nd 2500 �mol  L−1 respectively, due to input of extra Ca from the
upply-water. In ILP, Ca-concentrations gradually increased during
oth periods. Although alkalinity was also expected to increase due
o supply of base-rich water and/or reduction processes, for ST and
LP this only happened upon inundation in period 2, when preceded
y drought. In BPT, inundation led to different alkalinity responses
han in ST and ILP. In BPT, which had higher alkalinity in porewater
han the supply-water, dilution resulted in a decrease in alkalinity
uring inundation in period 1.

.2.3. Porewater Fe, S and DOC
Porewater Fe-, S- and DOC-concentrations were generally not

ffected by P-addition (Appendices A.3:a,b,c and B.2). Also, the
eference cores with water levels at 0 cm showed no significant
hanges in Fe-, S- and DOC-concentrations over time. However, in
ll fen types, the decrease of alkalinity upon drought was  accompa-
ied by a strong decrease in Fe- and increase in S-concentrations in
orewater. Oxidation of Fe2+ resulted in decreased concentrations
f dissolved iron, while oxidation of S2−, partly enclosed in FeSx,
esulted in the formation of dissolved SO4. Inundation showed the
pposite response, with increased dissolved Fe-concentrations in
ll fen types, indicating reduction of Fe3+ to more soluble Fe2+. Dis-
olved S-concentrations simultaneously decreased, indicating SO4
eduction and subsequent FeSx formation with part of the Fe2+ that
ecame available.

In ST, where S-concentrations were moderately high, and
specially in the S-rich ILP, these changes in soluble Fe and S-
oncentrations with drought were accelerated when preceded by
nundation. This may  point to increased formation of FeSx during
he preceding inundation period, which is oxidized during subse-
uent drought. In the Fe-rich BPT, oxidizable S-concentrations were

ow anyhow, in accordance with the low Stot concentrations and
igh Fe:S ratio in the soil (Table 1).

Remarkable was the accelerated increase in Fe-concentrations

n BPT upon inundation with P-rich water during period 1, accom-
anied by a considerable increase in DOC. This response was
bsent when clean water was supplied. In addition, this response
as only observed in BPT. The increase in Fe-concentrations
neering 85 (2015) 226–236 231

upon inundation with P-rich water in BPT was, however, not
observed during period 2, when preceded by drought, and when
the above-ground biomass had strongly increased.

3.2.4. Porewater nutrients
Despite differences in P-input via supply-water, porewater o-

PO4 concentrations were generally not affected by water quality
in any fen type (Appendix B.2). Upon P-enrichment, o-PO4 concen-
trations were generally much lower than the 15 �mol  L−1 of the
supply-water in the rich fens ST and BPT, and values remained
at the same low levels measured upon clean water treatment
(Appendix A.4:a). Also, o-PO4 concentrations in the outflow of the
outer columns were very low for all fen types (predominantly
under the detection limit of 0.05 �mol  L−1). Because vegetation
uptake only played a role in the inundation after drought treat-
ment, when above-ground biomass was high, the absence of an
increase in o-PO4 concentrations upon P-enrichment in ST and BPT
presumably points to chemical sorption of P in the soil. In ILP, how-
ever, porewater o-PO4 concentrations were much higher than in
the supply-water in both clean and P-rich treatment, and approxi-
mately 10 �mol  L−1 higher with P-enrichment.

Contrary to P-addition, water level fluctuations significantly
affected porewater o-PO4 concentrations (Appendices A.4:a and
B.2). The reference cores with water levels at 0 cm showed no sig-
nificant changes over time, but differences between drought and
inundation were highly significant. In all fen types, drought led to a
decrease of porewater o-PO4 concentrations, presumably because
oxidized iron precipitated with P as Fe-P complexes. Inundation,
on the other hand, increased o-PO4 concentrations in all fen types
as a result of Fe reduction and concomitant P-mobilization.

These water table effects on porewater o-PO4 concentrations
clearly differed among fen types. In the Ca-rich ST, o-PO4 con-
centrations were relatively low and only slightly increased upon
inundation after drought. In the Fe-rich BPT, however, o-PO4 con-
centrations clearly increased upon inundation during both periods.
Moreover, a significant water level × water quality interaction
indicated that o-PO4 concentrations increased especially upon
inundation with P-rich water in the first period, when vegetation
biomass was  low. In ILP, o-PO4 concentrations were already much
higher than in ST and BPT, and increased considerably upon inunda-
tion. High values of around 130 �mol  L−1 were reached with both
clean and P-rich water. However, subsequent immobilization of
P upon drought resulted in a decrease to, or even below, initial
concentrations in all fen types.

Overall, there was  no effect of water quality on NH4 and NO3
concentrations. However, in BPT, NH4 concentrations increased
upon inundation with P-rich water in the first period, when above-
ground biomass was still low (Appendix A.4:b,c). This was indicated
by a water level × water quality interaction (Appendix B.2). The
effect of water level on NH4 and NO3 concentrations was again more
important than that of water quality. While the reference cores with
water levels at 0 cm showed no significant changes in NH4 and NO3
over time, the effects of drought and inundation were highly sig-
nificant. Generally, drought led to decreased NH4 and increased
NO3 concentrations due to ammonium oxidation (nitrification) by
intruding O2, while inundation led to increased NH4 and decreased
NO3 concentrations as a result of decreased nitrification, increased
denitrification, and dissimilatory nitrate reduction to ammonium.
These effects were most obvious in BPT and ILP, where inundation
with both clean and P-rich water during the first period led to a
severe increase of NH4. As already indicated, NH4 concentrations
further increased in BPT to values known to be phytotoxic of over

600 �mol  L−1 when inundation was applied with P-rich water in
the first period, accompanied by a strong increase in DOC (Appendix
A.3:c). Inundation with P-rich water during period 2, when vegeta-
tion biomass had already increased, did not have this strong effect.
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Fig. 3. (A–C) Fluorescence yields for the dominant bryophytes for each fen type. The water level turning point is indicated by the dashed line. Means with S.E. are shown
(  < 0.05
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n  = 20). Different symbols above each pair of bars indicate significant differences (P

urthermore, the increase of NO3 concentrations by nitrification
uring drought in ST and ILP was much stronger when preceded by

nundation, accompanied by a stronger decrease in alkalinity.

.3. Moss vitality

Fluorescence yields in the reference situation with water levels
t 0 cm were lower in all fen types after period 2 than after period
, indicating that the experimental conditions in general were not
ptimal for the mosses. There was no general effect of water qual-
ty on the vitality of any of the mosses (BPT: F1,228 = 0.9NS, ST:
1,228 = 1.0NS, ILP: F1,228 = 3.2NS). However, there was  a clear effect
f water level for the two rich-fen species. Drought generally led
o lower fluorescence yields of S. scorpioides in ST (F5,228 = 38.6***)
nd C. giganteum in BPT (F5,228 = 29.4***) (Fig. 3). During subsequent
nundation in period 2, vitality of S. scorpioides remained low, but
. giganteum showed a clear recovery. Drought after inundation,
owever, led to very low fluorescence yields for both rich fen moss
pp. Vitality of S. palustre in ILP was, in contrast, not affected by
rought or inundation (F5,228 = 0.1NS).

. Discussion

The main objective of this study was to test the effects of water
evel fluctuation and water quality in fens differing in biogeo-
hemical characteristics, under controlled conditions and for the
ombination of plant and soil (mesocosm). In all fens, effects of
ater level fluctuation were the most imminent, and general risks

nd benefits of drought and inundation could be observed, depend-
ng on the vegetation development.

.1. Risks and benefits of higher drought incidence

Direct effects on plants, such as water shortage, and indirect
ffects such as acidification and N-eutrophication by increased
ineralization are generally considered to be major potential

onstraints on vegetation development in relation to drought in
esotrophic fens (e.g. Lamers et al., 2015). However, temporary

rought may  also be beneficial for P-limited vegetation, since
e-oxidation can lead to rapid binding of phosphate in the soil
Richardson, 1985), temporarily reducing P-availability in porewa-
er. The potential risks and benefits need to be weighed up for
ifferent fen types separately.
Generally, vascular plant growth was not inhibited by drought,
hich we attribute to sufficiently deep rooting preventing water

hortage. In BPT and ILP, vascular plant growth was even stim-
lated by drought directly from the start (similar to early spring
) between water level treatments.

conditions shortly after winter). This stimulation is, however,
not necessarily favorable for mesotrophic peatlands, since high
biomass production may  lead to a less diverse species composition
due to competition, and may  offer less room and light for mosses.

While growth of vascular plants was  not negatively affected by
drought, vitality of rich fen bryophytes severely decreased. Most
probably, water shortage is the main factor causing this decrease
in vitality, because biogeochemical effects such as changes in pH or
toxicity (Paulissen et al., 2004) did not occur. However, the effects of
specific moss spp. characteristics, and the biogeochemical charac-
teristics of the fen type in which they occur, cannot be teased apart.
Although C. giganteum was  able to recover during subsequent inun-
dation, the decrease in vitality of S. scorpioides upon drought could
not be restored within 7 weeks of subsequent inundation, due to
reduced growth rates (Kooijman and Whilde, 1993). In contrast,
vitality of S. palustre was  not affected by drought at all, presumably
due to the efficient capillary water transport and water storage of
Sphagnum spp. (Clymo and Hayward, 1982), and to the fact that
Sphagnum spp. are able to tolerate acid conditions (e.g. Rochefort
et al., 1990). These findings confirm the considerable competitive
advantage of Sphagnum over rich fen bryophytes during drought,
explaining drought-induced vegetation shifts from certain brown
mosses to peat mosses.

Lowering of the water table led to subsidence of the peat soil
surface in all fen types, but only when preceded by inundation.
This suggests that subsidence is not solely due to reduced buoy-
ancy by release of entrapped gas bubbles (Strack et al., 2006), or
increased decomposition rates as a result of aeration (e.g. Mettrop
et al., 2014). Presumably, subsidence was further affected by the
reduced vegetation development during prior inundation, which
led to inhibited root growth and lower stability of the peat soil.

Drought generally led to decreased porewater Ca-
concentrations, and especially decreased porewater alkalinity
due to acidification. In the Fe-rich BPT, acidification seemed
mainly be due to iron oxidation (Stumm and Morgan, 1996). In
the Ca-rich ST, which contained slightly more S in the soil, and
particularly in the S-rich ILP, the oxidation of sulfides may  have
been more important (Lamers et al., 1998a; Lucassen et al., 2002).
Interestingly, prior inundation modified these drought effects.
In all fen types, drought-induced acidification was accelerated
when preceded by inundation, which may  be due to increased
concentrations of reduced components that could readily be
oxidized during subsequent drought.
Despite the decrease in alkalinity upon drought, ANC remained
sufficiently high to prevent a severe drop in pH in all fen types
to values below 6.0, considered a critical value for rich fens
dominated by brownmosses (Kooijman, 2012). Unexpectedly,
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H values even increased to pH values of 7.0 upon drought in
PT, presumably due to degassing of CO2-charged porewater,
s demonstrated in previous studies in Fe-rich fens (Zak et al.,
004). A release of CO2 to the atmosphere can lead to increased pH
alues (pH = 6.4 + log([HCO3

−]/[CO2])) (Stumm and Morgan, 1996).
he combined effect of decreased alkalinity and increased pH
uring drought in BPT may  have induced Ca-mineral precipitation
Boyer and Wheeler, 1989), possibly explaining the decrease in
orewater Ca-concentrations, despite a concentration effect by
vapotranspiration.

In previous experimental studies, increased decomposition
ates with drought are generally reported to result in increased N-
ineralization in peat soils (Olde Venterink et al., 2002; Mettrop

t al., 2014). However, in terms of the actual porewater N-
oncentrations, increased plant uptake may  compensate for this
-release. In all fen types, we found that drought at an early stage

ed to lower total porewater N-availability (NO3 + NH4) than early
nundation, because vascular plant development was  stimulated
y this water level regime and thereby N-uptake by plants was
nhanced.

In contrast to that of N, the availability of P in porewater
ecreased upon drought in all fen types. In the Ca-rich ST, we pre-
ume that mainly co-precipitation of P with calcite was involved
Boyer and Wheeler, 1989), which explains the relatively small
esponse to oxic conditions. In the Fe-rich BPT, high rates of Fe-
xidation and subsequent Fe-P precipitation were involved (Patrick
nd Khalid, 1974; Richardson, 1985), explaining the more obvious
ecrease in P-availability. In the S-rich ILP, oxidation of FeSx has
resumably increased the reactive Fe3+ concentration, stimulating
ubstantial P-binding in the topsoil (Roden and Edmonds, 1997).
he binding of P to Fe temporarily reduces P-availability in pore-
ater (e.g. Patrick and Khalid, 1974), but the question is whether

his is really an advantage to P-limited vegetation. Fe-related P pre-
ipitation may  be less relevant in terms of reducing P-availability to
lants as generally assumed, an idea that was already reported by
awlikowski et al. (2013). Many vascular plants are still capable of
aking up P from accumulated Fe-phosphates in soils (Marschner,
995).

All in all, the direct drought effects were not negative for vas-
ular plants, but vitality of protected rich fen bryophytes severely
ecreased, giving Sphagnum a competitive advantage. Drought-

nduced acidification did not lead to considerable lowering of pH
uring 7 weeks, because of sufficient buffering in all fen types. In
erms of nutrient-availability there were no considerable effects.

.2. Risks and benefits of higher inundation incidence

Formation of potential toxins and increased P-mobilization are
enerally considered major constraints on vegetation development
n relation to inundation in mesotrophic fens (e.g. Lamers et al.,
015). However, inundation may  also be beneficial, since inunda-
ion with base-rich water in summer promotes buffering against
cidification (Cusell et al., 2015). Also the potential risks and ben-
fits of inundation need to be weighed up with a critical eye for
ifferent fen types separately.

Plant growth was hampered when inundated directly from
he start (similar to early spring conditions shortly after win-
er), especially in BPT and ILP, which was probably due to anoxic
onditions and formation of toxins in the first period. In BPT, inun-
ation with P-rich water led to porewater Fe-concentrations over
000 �mol  L−1, reported as toxic to J. subnodulosus (Snowden and
heeler, 1993), which is confirmed by our results for develop-

ent per group of species. In this fen type, NH4 concentrations

lso considerably increased with inundation shortly after winter.
articularly with P-rich water, NH4 concentrations increased well
ver 100 �mol  L−1, a level above which toxic effects can seriously
neering 85 (2015) 226–236 233

damage bryophyte vegetation under summer conditions (Paulissen
et al., 2004; Verhoeven et al., 2011), and toxic effects may  be
expected for plants (Lamers et al., 2015). When subjected to inun-
dation after a period of drought (when plants already had the
opportunity to grow), however, ammonium toxicity did not seem
to be a severe problem anymore. Increased plant activity probably
led to increased radial oxygen loss (ROL) from roots (Lamers et al.,
2012), stimulating nitrification in the rhizosphere, and increased
uptake of N. In the S-rich ILP, the decline in vegetation, especially
of P. australis, upon inundation with both clean and P-rich water
shortly after winter may  very well be caused by sulfide toxic-
ity (Armstrong et al., 1996). When subjected to inundation after
drought however, when plants already had had the opportunity
to grow, sulfide toxicity did not seem to be a problem anymore.
Although sulfide concentrations in bulk soil still increased to toxic
values, increased plant activity probably led to increased ROL,
stimulating sulfide oxidation in the rhizosphere. Additionally, inun-
dation in itself is a significant stress factor, both for above-ground
plants and moss species. Direct effects such as decreased growth
rates and mortality are expected because CO2 and light availabil-
ity are strongly reduced under water. Just like for drought, effects
of specific species characteristics, and the biogeochemical charac-
teristics of the fen type in which they occur, cannot be entirely
separated.

Otherwise, a wet period in spring, with reduced vegetation
development, is not necessarily detrimental for mesotrophic peat-
lands. Competition by fast growing species may be limited this way,
eventually resulting in increased biodiversity.

For rich-fen mosses, inundation, or at least waterlogging, turned
out to be vital, not only to prevent water shortage, but partly also to
restore direct effects of prior drought. S. palustre however, turned
out to be well able to endure periods of inundation as well, regard-
less of the water quality. Even with base-rich inundation water,
which was  assumed to cause problems since Sphagnum spp. are
generally associated with and adapted to acidic conditions, S. palus-
tre thrived remarkably well.

Generally, inundation resulted in increased Ca-concentrations
and alkalinity in porewater, but only when preceded by drought.
This suggests that a prior period of drought promoted infiltra-
tion of base-rich water during inundation. In this way, inundation
with base-rich water may contribute to a lasting increase in the
ANC, as this is not only determined by the amount of bicarbon-
ate in porewater, but also by the amount of Ca attached to the
adsorption complex (Stumm and Morgan, 1996). Moreover, the
increase in porewater alkalinity during inundation after drought
in the rich fens ST and BPT may  point to additional alkalinity gen-
eration, resulting from anaerobic microbial reduction processes
(Stumm and Morgan, 1996). An increased ANC by inundation, both
by infiltration and by internal alkalinity generation, was  previously
demonstrated by field inundation experiments in similar fen types
in summer (Cusell et al., 2015). In addition, anaerobic decompo-
sition may  have resulted in increased partial pressure of CO2 in
porewater (Estop-Aragonés et al., 2012), causing calcite to dissolve
(Komor, 1994).

In ST, a period of 7 weeks of inundation seemed favorable to
improve and/or conserve the porewater ANC, as desired from a
management perspective. In BPT, the absence of an increase in
porewater ANC in this experiment was  primarily related to the
dilution by supply-water with a lower alkalinity than the original
porewater. This would, however, also be the case in the field situ-
ation, since alkalinity in surface water close to the sampled plots
in BPT did not exceed 0.5 meq L−1 (I. Mettrop, unpublished data).

Interestingly, in ILP, porewater alkalinity and Ca-concentrations
remained lower than in the supply-water, which may  indicate that
buffer capacity was  consumed. An important factor may  be the
exchange of Ca2+ for H+ between supply-water and the H+-rich
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dsorption complex of Sphagnum-mosses in the mineral-poor ILP
Clymo, 1963). In contrast, adsorption complexes of S. scorpioides
n the rich fen ST and C. giganteum in the rich fen BPT may  already
ave been saturated with Ca, as expected for minerotrophic moss
pecies.

In the P-limited fens ST and BPT, P-availability remained rela-
ively low. The high internal P-mobilization in ILP however, where
he soil Fe:P ratio was low, is in accordance with previous findings
or fen soils with high P-content (e.g. Zak et al., 2010). Further-

ore, the high S-concentrations in ILP may  have induced additional
elease of Fe-associated P during inundation. Since reduction of
e and SO4 leads to formation of FeSx, the P-binding capacity of
he peat sediment strongly decreases (Smolders and Roelofs, 1993;
araco et al., 1989; Lamers et al., 1998b).

Net internal P-mobilization was lower upon inundation after
rought than upon inundation directly from the start in BPT and ILP,
hich seemed to be related to P-consumption by plants. As men-

ioned, drought followed by inundation resulted in much higher
lant biomass in these fen types. As reflected by the total amount
f P in above-ground phanerogams per m2 at the end of the experi-
ent, the increase in biomass resulted in increased P-consumption,

esulting in reduced net P-mobilization. In ST, the above-ground
iomass did not differ between water level treatments, and net
-mobilization with inundation was relatively low. This can be
xplained by the fact that most P is bound to Ca, which is not sensi-
ive to oxidation-reduction processes (Stumm and Morgan, 1996).
herefore, the link between net P-mobilization and P-consumption
y plants seems to be less important in the Ca-rich ST.

All in all, the formation of toxins most likely results in
ignificantly reduced vegetation development, especially with
nundation in early spring. In addition, inundation increases the
isk of internal P-mobilization, especially for fen soils with high
-content. On the other hand, inundation with base-rich water,
specially after a period of drought, may  contribute to an increased
NC.

.3. Supply of P-rich water

In general, P-enrichment did not lead to increased above-ground
iomass in any fen type, which was unexpected given the P-

imitation of biomass production (as indicated by vegetation N:P
atios), and contrary to our hypothesis. Inundation with P-rich
ater only led to enhanced P-consumption by plants when pre-

eded by a period of drought, when the vegetation had had the
pportunity to develop, but this did not lead to higher production
ates.

In the Ca-rich ST and the Fe-rich BPT, P-enrichment did not
esult in increased porewater P-availability either. In ST, most of
he added P seemed to be mainly immobilized within calcium
hosphate in the soil (Boyer and Wheeler, 1989), while in BPT,
ost of the added P was  presumably immobilized in soil Fe-P

omplexes (Patrick and Khalid, 1974; Richardson, 1985). However,
verall plant N:P ratios in the Fe-rich BPT were considerably lower
han in the Ca-rich ST, which may  imply that Fe-related P pre-
ipitation may  be less relevant in terms of reducing P-availability
han generally assumed, an idea that was already reported by
awlikowski et al. (2013). Many vascular plants are still capable of
aking up P from accumulated Fe-phosphates in soils (Marschner,
995). In ILP, where P-binding elements such as Ca and Fe are
parse, P-enrichment seemed to primarily result in increased pore-
ater P-concentrations, which is not relevant for plants as the
-availability was already high in this fen type. In addition, a small
ortion of the added P could be adsorbed by mosses in all fen
ypes, but we assume that this way of P-immobilization is of minor
mportance.
neering 85 (2015) 226–236

Unexpectedly, P-rich inundation shortly after winter even had
a negative effect on plant growth in BPT, in an indirect way.
The strongly increased NH4, DOC and Fe-concentrations upon
inundation with P-rich water during period 1 indicate increased
microbial activity with P-enrichment (Amador and Jones, 1995;
White and Reddy, 2000), which may  have resulted in toxic con-
centrations of NH4

+, Fe(II) and/or organic acids to plants. When
preceded by drought however, inundation with P-rich water
did not have these extreme effects in BPT, probably because
in this case vegetation had the chance to develop. Increased
plant activity probably led to increased ROL  (Lamers et al.,
2012), and in the case of P-rich water also to enhanced P-
consumption. Enhanced plant development by a favorable water
regime may  thus have mitigated the stimulating effect of P-
enrichment on anaerobic microbial activity later in the growing
season.

4.4. Conclusions and implications for management

We  here show that chemical properties of peat soils, as
determined by the geohydrological setting in the landscape,
strongly determine the responses to water level fluctuation and
P-enrichment during flooding. In general, fluctuating water levels
turn out to be much more important in terms of biogeochemical
responses than P-enrichment, and the stage of vegetation devel-
opment appears to be very important for its response. In Fig. 4,
we have summarized the potential benefits and drawbacks of the
re-introduction of water table fluctuation in rich fens for decision
support in water and nature management. The decision will largely
depend on the geohydrological setting of the specific fen area.

In rich fens with Ca-rich soils due to groundwater and/or sur-
face water supply, drought episodes up to 7 weeks will lead to
a decline of characteristic rich fen bryophytes such as S. scorpi-
oides. Vascular plant development, however, was not considerably
affected by changes in the water level. Further, drought in these
fens does not lead to a considerable risk of lowering of pH due to
their high ANC. Accelerated decomposition and N-mineralization,
on the other hand, are serious reasons for concern. Increased N-
availability may  eventually promote the degradation of rich fens
because of increased encroachment of graminoid species at the
expense of characteristic brown moss and slow-growing vascular
species (Verhoeven et al., 2011; Cusell et al., 2014). These adverse
drought effects should therefore be prevented by inundation with
surface water, especially late in the growing season after a period
with high water levels. Moreover, periods of inundation with base-
rich water in summer, especially when preceded by a period of
drought, seem to be favorable in order to structurally improve
the porewater ANC by supply of Ca and internal soil alkaliniza-
tion. Short-term summer inundations as a management measure
have been postulated previously to restore the ANC in the top
soil of Ca-rich fens that lack sufficient HCO3

− and Ca-buffering
to prevent acidification (Cusell et al., 2013a, 2015), and our find-
ings confirm this idea. Finally, inundation does not result in severe
P-mobilization, and in case of supply of P-rich water, short-term
inundation does not seem to be very harmful, presumably due to
Ca-related precipitation of P.

In rich fens with Fe-rich soils (caused by current or former
discharge of Fe-rich groundwater), short-term drought will also
result in a decline of characteristic rich fen bryophytes such as C.
giganteum. In contrast, a period of drought shortly after winter sti-
mulates vascular plant development. In addition, drought results
in an even higher degree of acidification than in Ca-rich fens due to

Fe-oxidation, and increased decomposition and N-mineralization
are considered detrimental in this fen type as well. Therefore,
inundation with surface water is recommended. Inundation, how-
ever, should be prevented shortly after winter, when vegetation
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evelopment, hence P-consumption by plants, is still limited. Espe-
ially inundation with P-rich water seems to stimulate microbial
ctivity, despite Fe-related precipitation of P, resulting in NH4

+

nd/or Fe(II) toxicity. In agricultural areas, this may  well generate
 friction between preventing acidification and N-eutrophication
uring drought on the one hand, and preventing external eutrophi-
ation and accumulation of toxins during inundation on the other
and.

In mineral-poor fens with P- and S-rich soils, inundation in an
arly stage of the growing season leads to significantly reduced
lant biomass. In this case, sulfide toxicity induced by inunda-
ion is presumed to limit plant growth, which may  be beneficial
n terms of preventing outcompetition by fast growing species,
ventually resulting in increased biodiversity. On the other hand,
nundation (even with relatively base-rich water) will not be favor-
ble, given the strong internal P-mobilization. Since the Sphagnum
osses already predominate and there are no chances for base-

ich bryophytes anyway, it is better to occasionally allow low water
evels than to engender inundation in these S-rich fen types.

Given the outcomes of this study, the risks and benefits of the

e-establishment of fluctuating water levels, with either clean or
-rich water, need to be considered for different fen types sepa-
ately in water management and nature management plans before
ts implementation.
reased surface water levels, and hence changes in water tables in fen peat soils, at
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Appendix A.1. Height of the peat soil surface just below the living moss layer in relation to the inner core. The water level turning 

point in between period 1 and period 2 is indicated by the dashed line. Means with S.E. are shown (n=4).
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Appendix A.2. Porewater Ca-concentrations (A), alkalinity (B) and pH (C). The water level turning point in between period 1 and 

period 2 is indicated by the dashed line. Means with S.E. are shown (n=4). Note that for Ca the scales on the y-axis differ between 

graphs.
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Appendix A.3. Fe (A), S (B), and DOC (C) concentrations in soil porewater. The water level turning point in between period 1 and 

period 2 is indicated by the dashed line. Means with S.E. are shown (n=4). Note that for Fe the scales on the y-axis differ between 

graphs.
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Appendix A.4. o-PO4 (A), NH4 (B) and NO3 (C) concentrations in soil porewater. The water level turning point in between period 1 and 

period 2 is indicated by the dashed line. Means with S.E. are shown (n=4). Note that for o-PO4 the scales on the y-axis differ between 

graphs.



Appendix B.1. Total N- and P-contents and  N:P ratios of above-ground vascular plant tissue upon different treatments, as measured 

at the end of the experiment. Means with standard deviations are shown (n=4).

A P P E N D I X  B . 1 - 2

Supplementary data in addition to:

Mettrop et al.: The ecological effects of water level fluctuation and phosphate enrichment in mesotrophic peatlands are strongly 

mediated by soil chemistry (Ecological Engineering)

Treatment Plant P (g kg-1) Plant N (g kg-1) Plant N:P (g g-1)

Stobbenribben (ST)

0 cm 0.27 (0.06) 12.3 (1.2) 46.9 (7.7)

0 cm P-rich 0.30 (0.08) 13.2 (2.1) 45.7 (10.8)

-15 cm to +15 cm 0.33 (0.12) 12.5 (3.0) 39.2 (5.4)

-15 cm to +15 cm P-rich 0.73 (0.18) 14.0 (2.4) 18.7 (2.9)

+15 cm to -15 cm 0.37 (0.20) 14.9 (3.8) 44.6 (11.1)

+15 cm to -15 cm P-rich 0.57 (0.29) 22.5 (5.9) 43.0 (10.6)

Binnenpolder Tienhoven (BPT)

0 cm 0.82 (0.24) 21.1 (2.4) 26.7 (5.3)

0 cm P-rich 0.59 (0.13) 17.4 (2.5) 29.6 (2.0)

-15 cm to +15 cm 0.51 (0.08) 12.9 (1.7) 25.6 (5.9)

-15 cm to +15 cm P-rich 1.09 (0.27) 16.3 (4.3) 15.0 (1.7)

+15 cm to -15 cm 0.49 (0.08) 16.9 (0.9) 35.0 (4.6)

+15 cm to -15 cm P-rich 0.57 (0.05) 18.7 (2.0) 32.6 (1.9)

Ilperveld (ILP)

0 cm 0.80 (0.09) 11.6 (2.3) 14.4 (1.3)

0 cm P-rich 0.91 (0.24) 11.9 (2.1) 13.5 (2.4)

-15 cm to +15 cm 0.56 (0.10) 11.7 (5.7) 20.2 (6.4)

-15 cm to +15 cm P-rich 0.78 (0.18) 11.4 (2.9) 14.7 (3.0)

+15 cm to -15 cm 0.91 (0.29) 13.5 (2.4) 15.4 (2.8)

+15 cm to -15 cm P-rich 0.85 (0.16) 15.7 (5.5) 18.5 (4.2)



Appendix B.2. Effects of water level, water quality and their interaction on porewater chemistry, as tested by a linear mixed model 

with LSD post hoc analyses for each location separately. F-ratios including denominator d.f. in parentheses are shown with their level 

of significance: *P≤0.05, **P≤0.01. Different letters indicate significant differences (P≤0.05) between water level treatments.

Variable Quality (d.f.=1) Level (d.f.=5) Level*Quality (d.f.=5) Period 1 Period 2

Stobbenribben (ST) 0 cm -15 cm +15 cm 0 cm -15 cm +15 cm

Soil height 0.07 (58.6) 53.98** (55.4) 4.78** (55.4) b b c b c a

pH 0.03 (76.8) 15.56** (76.8) 1.46 (76.8) b b b b b a

Alkalinity 0.61 (57.3) 30.88** (57.3) 0.71 (57.3) d b c d e a

Ca 0.27 (52.9) 25.41** (32.1) 1.47 (32.1) b a bc a c a

Fe 2.14 (67.9) 35.54** (55.5) 1.45 (55.5) cd b d c e a

S 0.47 (39.4) 43.82** (31.7) 0.79 (31.7) b c b b a d

o-PO4 0.25 (75.1) 26.44** (46.0) 0.74 (46.0) b ab b b c a

NO3 0.06 (30.7) 39.03** (18.9) 0.08 (18.9) a a a a a b

NH4 0.03 (44.0) 25.39** (43.5) 2.11 (43.5) c b cd c d a

DOC 0.00 (94.1) 9.45** (70.7) 2.22 (70.7) b b a c ab b

Binnenpolder Tienhoven (BPT) 0 cm -15 cm +15 cm 0 cm -15 cm +15 cm

Soil height 0.41 (48.9) 28.16** (45.8) 1.42 (45.8) b b c b c a

pH 2.45 (77.7) 45.71** (73.3) 1.40 (73.3) b c b bc a d

Alkalinity 3.93 (73.3) 66.86** (71.2) 1.63 (71.2) c a b c d b

Ca 1.13 (50.0) 115.80** (33.9) 1.16 (33.9) d a b d e c

Fe 0.12 (63.9) 99.21** (44.6) 1.16 (44.6) d b d c d a

S 0.00 (59.2) 121.87** (42.1) 1.70 (42.1) b c b b a c

o-PO4 0.32 (49.9) 46.37** (44.0) 3.11* (44.0) c b d b c a

NO3 0.31 (37.2) 21.00** (34.2) 0.67 (34.2) a b a a a b

NH4 0.99 (52.0) 54.52** (38.9) 21.17** (38.9) c b d c bc a

DOC 0.17 (41.7) 89.50** (37.6) 152.44** (37.6) b b c b b a

Ilperveld (ILP) 0 cm -15 cm +15 cm 0 cm -15 cm +15 cm

Soil height 7.04* (50.2) 75.01** (50.1) 2.66* (50.1) c c d b bc a

pH 0.00 (64.9) 23.84** (64.0) 7.14** (64.0) bc c c b b a

Alkalinity 0.08 (70.6) 60.27** (68.1) 4.13** (68.1) c b d cd e a

Ca 0.00 (76.9) 4.64** (61.4) 0.41 (61.4) b a c b d a

Fe 2.77 (63.6) 32.84** (41.8) 1.30 (41.8) b a b b c a

S 0.03 (74.9) 109.54** (48.8) 0.71 (48.8) b c b b a c

o-PO4 0.75 (55.9) 45.14** (41.8) 1.20 (41.8) c b e c d a

NO3 1.20 (59.8) 6.59** (44.1) 0.46 (44.1) a b a a a c

NH4 0.51 (55.6) 12.12** (35.2) 1.21 (35.2) b a c b b a

DOC 0.23 (80.1) 3.42** (65.5) 2.50 (65.5) ab ab b b a b
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