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Abstract
As increased nutrient availability due to drainage is considered a major cause of eutrophication in wetlands rewetting of drained wetlands is recommended as a restoration measure. The effect of soil drying and rewetting
on the contribution of various nutrient release or transformation processes to changed nutrient availability for
plants is however weakly understood. We measured effects of soil drying and re-wetting on N mineralization, and
denitrification, as well as on release of dissolved organic nitrogen (DON), phosphorus, and potassium in incubated
soil cores from a wet meadow in southern Sweden. Additionally, the impact of re-wetting with sulphate-enriched
water was studied. Soil drying stimulated N mineralization (3 times higher) and reduced denitrification (5 times
lower) compared to continuously wet soil. In the wet cores, denitrification increased to 20 mg N m−2 d−1 , which
was much higher than denitrification measured in the field. In the field, increased inorganic-N availability for plants
due to drainage seemed primarily to be caused by increased N mineralization, and less by decreased denitrification.
Soil drying also stimulated the release of DON and K, but P release was not affected. Re-wetting of dried soil cores
strongly stimulated denitrification (up to 160 mg N m−2 d−1 ), but N mineralization was not significantly decreased,
neither were DON or K release. In contrast, the extractable P pool increased upon soil wetting. Re-wetting with
sulphate-enriched water had no effect on any of the nutrient release or transformation rates. We conclude that
caution is required in re-wetting of drained wetlands, because it may unintendently cause internal eutrophication
through an increased P availability for plants.
Abbreviations: DON – dissolved organic nitrogen; WFPS – water filled pore space
Introduction
Drainage of low-productive wetlands often leads to
enhanced biomass production and changed vegetation composition. One explanation is that increased
soil aeration promotes eutrophication by enhancing
availability of growth limiting nutrients for plants
(Bridgham and Richardson, 1993), which is in agreement with the increased nitrogen (N) availability after
drainage as observed by Grootjans et al. (1985, 1986).
All kinds of nitrogen flows – e.g. mineralization,
∗ E-mail: h.oldeventerink@biol.rug.nl

denitrification, and organic-N release – may contribute to increased N availability. Also the relationships
between drainage and availabilities of the other potentially growth limiting nutrients phosphorus (P) and
potassium (K) (cf. Olde Venterink et al., 2001; Verhoeven et al., 1996b) is poorly understood.
With respect to N, it is known that mineralization
increases after drainage and subsequent aeration of
wet soils (Birch, 1960; Bridgham et al., 1998; Cabrera,
1993; Updegraff et al., 1995), whereas denitrification
decreases as the consequence of decrease of anoxic regions (Groffman and Tiedje, 1988; Seitzinger, 1994).
Both effects of drainage lead to increased N avail-

120
ability. Additionally – although little is known about
plant uptake and transformation processes of dissolved
organic nitrogen (DON) compounds – some DONcompounds may contribute to N availability for plants
(Chapin, 1995; Kaye and Hart, 1997), and their availability may increase due to drainage (Paul and Tu,
1965).
Phosphorus availability for wetland plants is
largely controlled by chemical equilibria in soil
(Richardson and Marshall, 1986). Particularly in the
pH range of 4–6, drainage of wet soils decreases plant
phosphorus availability by Fe-P complexing (Patrick
and Khalid, 1974; Richardson, 1985). Other studies,
however, showed that microbial immobilization controls P availability for plants (Chapin et al., 1978;
Walbridge, 1991). Whether this is related to soil wetness is unclear, but it seems plausible that along with
mineralization, also immobilization will increase.
Potassium release in soils is primarily controlled
by physical adsorption to clay particles (Mengel,
1982; Scheffer and Schachtschabel, 1989). Since K
adsorption increases with drainage of the soil (Scheffer and Schachtschabel, 1989), K availability for
plants likely decreases after drainage. However, data
on the biogeochemistry of K in soils are rare. The
availability of K for plants in relation to soil wetness
is therefore still poorly understood.
Re-wetting of formerly drained areas has become
common practice in wetland restoration (Pfadenhauer
and Grootjans, 1999). If possible, the groundwater
level is raised, but often surface water has to be applied. The aim of re-wetting is to reduce soil aeration
and decrease N mineralization and hence to decrease
N availability for wetland plants. Some studies have
however shown that N-mineralization may increase
– instead of decrease – after soil drying and rewetting (Birch, 1960; Van Schreven, 1968). Moreover,
also P and K availabilities may increase upon rewetting; Chepkwony et al. (2001) indeed showed an
increased P-availability for plants after soil drying
and re-wetting. Besides, the chemical composition
of surface water used for re-wetting generally differs
from that of groundwater, which might affect nutrient
release rates after re-wetting. For instance, sulphateenrichment of the water may mobilize phosphate (Caraco et al., 1989; Lamers et al., 1998a, 1998b; Roelofs,
1991), and through sulphite production it may inhibit the coupled nitrification–denitrification (Joye and
Hollibaugh, 1995) which may result in a higher N
availability for plants.

Table 1. Soil characteristics at the start of incubation (mean ± 1
SE; n=8). All units are based on soil dry weight, except for moisture
content which is based on soil fresh weight
bulk density (g cm−3 )
organic matter (%)
moisture content (%)
pH-KCL
Kjeldahl N (g kg−1 )
Kjeldahl P (g kg−1 )
Kjeldahl K (g kg−1 )
extractable Ca (g kg−1 )
extractable Fe (g kg−1 )
extractable Al (g kg−1 )

0.36 ± 0.02
27
±2
64
±1
5.4 ± 0.1
11
±1
0.88 ± 0.07
1.5 ± 0.1
5.3 ± 0.3
1.7 ± 0.2
0.32 ± 0.03

In this study, we evaluated the effects of drying
and re-wetting of a wetland soil on N mineralization, and denitrification, as well as on changes in soil
extractable pools of DON, P and K, in a laboratory
experiment. We hypothesized that drying of incubated wetland soil will: (i) increase accumulation of
inorganic-N, and (ii) that this increased N accumulation is caused by both an increased N mineralization
rate and a decreased denitrification rate. Additionally,
soil drying will (iii) increase soil extractable DON,
(iv) decrease soil extractable P, and (v) decrease soil
extractable K. We also hypothesized that re-wetting
of dried wetland soil will act opposite to drying (reverse of hypotheses i–v), and that re-wetting with
sulphate-enriched water will decrease denitrification
and enhance extractable P in the soil compared to
re-wetting with distilled water.

Methods
Soil and site characteristics
Soil cores were collected at an abandoned wet meadow
at the shore of lake Hammarsjön nearby Norra Åsum,
SE Sweden. Characteristics of the sandy peat soil are
presented in Table 1. Vegetation at the site showed
intermediate productivity (dry weight of above-ground
biomass in August 1999: 665±60 g m−2 ). It was dominated by Carex disticha (80% coverage), and further
characterized by Filipendula ulmaria and Phalaris
arundinacea. Cores for the first and second lab experiment were taken on August 4 and 23 1999, respectively, all within a plot of 2.5-m × 2.5-m to
minimize effects of soil heterogeneity. Soil cores (4.6
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cm diameter, 10 cm depth) were carefully taken with
sharpened PVC tubes, in between plant shoots; i.e.
there were no plant shoots in the cores. To avoid soil
compaction as much as possible, the tubes were cut
by hand through the top 5-cm root layer, and further
inserted in the soil by means of a hammer. Soil compaction could be checked in the field because the tubes
were made of transparent PVC.
Experimental design experiment 1
The soil cores were incubated in a climate room within
1–3 h after collection. Air temperature was 17 ◦ C
throughout the experiments, corresponding to measured field temperature at August 4 (5-cm depth). The
17 ◦ C can be considered maximum field temperature
for this soil since it had been extremely warm for the
region (30–34 ◦ C maximal day temperature) for about
a week. Due to high temperature and lack of rain,
water filled pore space (WFPS) of the collected soil
was 72%. Because we wanted to study the effect of
drainage of a wet soil, this ‘initial natural’ drainage
was unwanted in our experimental setting. We therefore simulated a rainfall by adding 20 mL of distilled
water to all cores at incubation in the climate room,
creating an average WFPS of 88% (Figure 2A). WFPS
of all cores was calculated from measured moisture
contents (loss of soil weight after 72 h at 70 ◦ C),
using the average amount of water (129±6 mL) in
44 water-saturated cores (cf. experiment 2) as 100%
WFPS reference.
Immediately after rainfall simulation, initial denitrification rates and initial amounts of extractable
nutrients were measured. Additionally, 48 cores were
incubated at continuous wet conditions, and 96 cores
were subjected to drying (cf. Figure 1). All cores
were incubated in the PVC tubes in which they were
taken. Tubes of the wet treatment were closed with
lids on both ends, although small holes above the soil
allowed gas exchange with the air. Tubes of the drying
treatment were only closed on the bottom with nylon
filter (1 mm mesh width). At regular intervals, all
cores were weighed enabling a posteriori calculation
of WFPS (Figure 2A). After 7 d of incubation, fans
were positioned beneath the drying cores to simulate
more severe drainage than the normal wetting-drying
cycle. After 12 d of incubation, further drying of the
drained cores was prevented by closing the tubes with
lids; 24 cores were kept at this moisture content. Forty
eight drained cores were re-wetted, with the average
65 mL water that was lost during drainage, of which 24

cores were re-wetted with distilled water and 24 cores
with a 50 mg L−1 SO4 2− solution (Na2 SO4 ). Because
of possible long-term effects of acetylene on microbial
processes (e.g. Hynes and Knowles, 1978; Seitzinger,
1994), every soil core was only used for either one
denitrification measurement or one set of extractions
(Figure 1). All measurements were carried out with 8
replicate cores.
The day before sampling of the experimental cores,
8 soil cores had been taken from the field site to determine amounts of soil extractable nutrients at field
conditions. These cores were not initially wetted; analytical methods, however, were the same as for the
laboratory experiment.
Experimental design experiment 2
By accident, average moisture contents of the denitrification cores immediately after re-wetting were
significantly (P=0.032) higher in the cores re-wetted
with distilled water than in the cores re-wetted with
sulphate-enriched water. Because of this experimental
error in the first experiment, a second re-wetting experiment was carried out. Therefore, 44 additional
cores were collected from the same site as before.
Initial WFPS was 100% this time since the site was
flooded (water in the tubes was poured off). All 44
cores were subjected to the same drying treatment as
described for the first experiment. After 12 days of
drying, 32 cores were re-wetted with 65 mL to the
initial 100% WFPS. Re-wetting was carried out with
four types of water and 8 replicates: (i) distilled water, (ii) 50 mg L−1 SO4 2− solution (Na2 SO4 ), (iii) 5
mg L−1 NO3 − -N solution (NaNO3 ), and (iv) a combined 50 mg L−1 SO4 2− + 5 mg L−1 NO3 − -N solution.
No significant differences occurred in WPFS or moisture content. Additionally, 12 cores were re-wetted
with different amounts of distilled water (duplicate rewetting with 0, 10, 20, 30, 40 and 50 mL) to create
a WFPS gradient after re-wetting. Denitrification was
measured immediately after re-wetting.
Denitrification
Denitrification was determined by the acetyleneblockage method (Yoshinari and Knowles, 1976). At
the start, and after 3, 6, 12, and 26 days of incubation,
soil cores were carefully taken out of the tubes and
rolled in aluminium foil with the top of the core left
open. These cores were incubated in 1 L plastic jars
with gas-tight lids and butyl septa facilitating headspace gas sampling. After closing each jar, 100 mL air
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Figure 1. Experimental design of experiment 1. 8D = 8 soil cores used for denitrification measurements; 8E = 8 soil cores used for soil
extractions; t = number of days after August 4 1999.

from the headspace was replaced by 100 mL acetylene
(purity >99%). After 1 and after 24 h of incubation,
gas samples were taken from the headspace and immediately analysed for N2 O concentration using a gas
chromatograph (Varian 3300). N2 O production was
calculated by subtracting the 1 h concentration from
the 24 h concentration, with corrections for time and
soil core surface area. Denitrification in the field was
determined in the same way by 8 cores incubated
in jars in the soil, between 48 and 24 h before the
main core sampling. Headspace samples were stored
in blood tubes during transport.

Extractable and total nutrients in soil
Soil from ‘field’ cores, from initially wetted cores, and
from cores incubated for 12 or 27 days, was extracted
with 1 M KCl to determine extractable nitrogen (cf.
Berendse et al., 1994), and with 0.1 M NH4 OH + 0.1
M lactic acid + 0.4 M acetic acid (ALA) for extractable P and K (cf. Koerselman et al., 1993). Before
extraction, soil was homogenized and large roots were
removed. After extraction and centrifugation (10 min
at 3000 rpm), ALA-extracts were acidified with 1 M
HNO3 for storage. Later, dissolved-P and K, as well
as Ca, Fe and Al, concentrations were measured by
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Figure 2. Effect of soil drying and re-wetting on water filled pore space (WFPS) (A), extractable amounts of dissolved organic nitrogen (DON)
(B), ammonium (D), nitrate (E), ammonium+nitrate (F), phosphorus (G), and potassium (H), as well as denitrification (C) in intact soil cores.
Denitrification was measured as N2 O-production after incubation with acetylene. Calculations are based on the upper 10 cm soil layer and
mean bulk density. Symbols: x field cores, • constant wet cores,  dried cores,  dried cores after 12 days re-wetted with destilled water, or ♦
re-wetted with sulphate-enriched water. Symbols represent means (±SE) of 8 replicate cores (2B–H); 2A shows mean (±SD) WFPS vs. time
of 8 cores used for the final denitrification measurements (t=26-27), and 8 cores of the final soil extractions (t=27). Note the log-scale of 2C.
For statistics see Table 2.

means of the inductively-coupled plasma technique.
Centrifuged KCl extracts were stored overnight at 2
◦ C. The next day, NH + concentrations were ana4
lysed colorimetrically (Chaney and Marbach, 1962).
Samples for nitrate and total nitrogen analysis were

stored frozen. NO3 − concentrations were measured
by flow injection analysis (Tecator 5042/5012). Total
dissolved-N was measured with an ANTEK 9000 high
temperature combustion total nitrogen analyser. DON
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was estimated by subtracting NH4 + -N and NO3 − -N
from total dissolved-N.
Soil not used for extraction was dried for 72 h
at 70 ◦ C to determine moisture content, after which
the samples were ground and subjected to Kjeldahl
digestion to analyse the total N, P and K contents
(Allen, 1989). NH4 + concentration in the digests was
measured photospectrometrically with a Skalar autoanalyser. Dissolved-P and K concentrations in the
digests were measured as in the ALA extracts. Additionally, soil organic matter content was determined
by loss of ignition at 550 ◦ C during 4 h.
Statistics
Effects and interactions of drying and incubation time,
or re-wetting and time, on nutrient variables and experimental control variables were examined by means
of repeated measures ANOVA using polynomial contrasts (SPSS 7.5). Values of the initial soil cores were
not included in examinations of the treatment effect
(wet vs. dry), since initial cores were all wet. The
effect of re-wetting on extractable nutrients was examined by one-way ANOVA, since there was only
one measurement in time. Non-normal distributed
variables or variables with unequal variances among
means between treatments were log-transformed before statistical analysis.

respectively (Figure 2C). After 26–27 d of incubation, denitrification was once more doubled in the wet
cores, whereas it decreased to initial low rates in the
dried cores (Figure 2C). The effects of time, drying
and their interaction on denitrification were significant
(Table 2).
On average a much larger fraction of the nitrate
produced from nitrification was denitrified in the wet
cores (60–82%) than in the dried cores (4–9%) (Figure 3). Taking these denitrification rates into account,
N mineralization was 2–3.4 times higher in the dried
cores than in the wet cores. Moreover, the difference
in inorganic-N accumulation during 27 d of incubation
(25– −3 = 28 mg N m−2 d−1 ) was to 68% caused by a
higher mineralization rate in the dried cores (27–8=19
mg N m−2 d−1 ) and to 32% by a lower denitrification
rate (11–2=9 mg N m−2 d−1 ) (Figure 3).
Soil extractable DON was on average 30% higher
in the dried than in the wet cores (Figure 2B, Table
2). Extractable phosphorus and potassium decreased
significantly in both the wet and dried soil cores during incubation. Extractable P did not differ between
the wet and dried treatments, whereas extractable K
decreased more in the wet cores than in the dried cores
(Figure 2G–H, Table 2).
So, soil drying increased N mineralization, decreased denitrification, and increased DON and K
release; P release was not affected.
Effects of re-wetting

Results
Effects of soil drying
Extractable nitrate increased from almost zero in the
initial soil cores to on average 120 mg N m−2 in
the wet cores and 690 mg N m−2 in the dried cores,
after 27 d of incubation (Figure 2E). For all treatments, extractable ammonium first decreased and increased again afterwards (Figure 2D). The effects of
drying and incubation time on extractable nitrate, ammonium, and on their sum (inorganic-N) were significant (Table 2). The difference in inorganic-N fractions
between wet and dry cores did not increase significantly between 12 and 27 d of incubation (interaction
terms Table 2), due to large variation at the final
extraction.
Denitrification rates, measured by means of N2 O
production, increased from close to zero in the field
and initial wetted soils, to on average 5 and 11 mg
N m−2 d−1 after 6–7 d in the dried and wet cores,

Whether re-wetting was carried out with distilled water or sulphate-enriched water made no significant
difference for extractable amounts of nutrients or denitrification (Figure 2, Table 2), although sulphate
addition in the first experiment tended to decrease denitrification immediately after re-wetting. The second
re-wetting experiment, however, showed that sulphate addition did not decrease denitrification, neither
in the sulphate treatment compared to the distilled
water treatment, nor in the sulphate+nitrate treatment
compared to the nitrate treatment (Figure 4).
Because sulphate addition did not show an effect,
we pooled the two re-wetting-treatments for comparison with the dry treatment. (Re)wetting of dried cores
resulted in two significant effects. First, re-wetting
strongly increased denitrification (Figure 2C, Table
2). Moreover, denitrification was positively related
to WFPS, despite large variation (Figure 5). Second,
wetting increased extractable amounts of P in the soil
(Figure 2G), although this effect was only significant
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Table 2. Effects of soil drying, re-wetting, re-wet water type (distilled water vs. sulphate-enriched water) and incubation time on nutrient
variables of Figure 2 and on experimental control variables, examined by analysis of variance. Field measurements of Figure 2 are not
included. F-values of repeated measures ANOVA (time, treatment and interaction) or one-way ANOVA are shown
N2 O
prod.

Extr.
NO3 −

Extr.
NH4 +

Extr.
inorg-N

Extr.
DON

Extr.
P

Extr.
K

WFPS
N,P,Kb

Total

pHKCl

timea
dryinga
time∗ dryinga

14.9∗∗
16.5∗∗∗
11.1∗∗

41.3∗∗∗
5.0∗
3.3†

15.4∗∗
7.4∗
3.7†

4.8∗
5.4∗
4.0†

1.4NS
4.8∗
0.1NS

38.6∗∗∗
0.1NS
0.9NS

104∗∗∗
4.2∗
6.8∗

1124∗∗∗
191∗∗∗
819∗∗∗

2.0NS
1.2NS
1.7NS

2.0NS
0.1NS
1.9NS

time
re-wetting
time∗ re-wetting

0.2NS
35.1∗∗∗
0.2NS

0.2NS

1.6NS

0.6NS

0.1NS

3.1

0.6NS

1615∗∗∗
154∗∗∗
1605∗∗∗

0.3NS

5.5∗

time
water type
time∗ water type

0.1NS
3.5†
3.6†

0.5NS

2.2NS

0.3NS

0.3NS

0.1NS

0.1NS

2697∗∗∗
0.5NS
0.2NS

1.0NS

0.5NS

†P <0.1, ∗ P <0.05, ∗∗ P <0.01, ∗∗∗ P <0.001, NS P >0.1.
a Initial cores were included in analysis for effects of time, and time∗ drying, but excluded for drying (wet vs. dry) since initial cores were all
wet (see Figure1).
b The highest F value for total N, total P, or total K in the soil is shown.

Figure 3. Effect of soil drying and re-wetting on average rates (mg N M−2 d−1 ) of mineralization, nitrification, denitrification, and accumulation of ammonium (d NH4 + -N), nitrate (d NO3 − -N) and inorganic-N (d inorg-N) in incubated soil cores. Accumulation rates of nitrate,
ammonium, and inorganic-N were calculated from differences in time in Figure 2D–F, denitrification rates from Figure 2C, assuming linear
change between measurements. Nitrification = nitrate accumulation + denitrification; mineralization = ammonium accumulation + nitrification.
Immobilization of produced ammonium or nitrate is not included. Because calculations were based on several variables, true variances were
unknown and differences between treatments could not be tested.

(F=5.77, p=0.022) when the two wetting events (initial
wetting and re-wetting) were combined in a two-way
ANOVA with wetting and date of wetting as factors.
Both wetting events had similar effects on extractable

P since the date of wetting as well as the interaction
term were not significant.
So, re-wetting increased denitrification and P release, but did not affect N mineralization, DON or K

126
release. Sulphate had no effect on nutrient transformation or release rates.

Discussion
Nitrogen dynamics during soil drying and wetting

Figure 4. Effect of re-wetting with distilled water (H2 O), sulphate
solution (SO4 2− ), nitrate solution (NO3 − ), or sulphate + nitrate
solution (SO4 2− +NO3 − ) on denitrification in intact soil cores. Before re-wetting, cores were dried for 12 d. Denitrification was
measured as N2 O-production after incubation with acetylene. Calculations are based on the upper 10 cm soil layer and mean bulk
density. Bars indicate means ±SE (n=7–8). Two outliers (, values
> mean + 2SD) were excluded from calculation of means, but were
included in calculation of significant differences between treatments
as indicated by different letters (p<0.05, Mann-Whitney U -test).

Figure 5. Denitrification after re-wetting vs. water filled pore space
(WFPS) in intact soil cores. Cores were dried for 12 days and
re-wetted with different amounts of distilled water. Denitrification
was measured as N2 O-production after incubation with acetylene.
Calculations are based on the upper 10 cm soil layer and mean
bulk density. (Spearman’s r=0.40; p<0.05). N2 O production was
enhanced with 0.0001 to allow plots on a log-scale.

Drainage or aeration of wetland soils has been shown
to increase N mineralization and subsequent N availability for plants (Grootjans et al., 1985, 1986). Also
in our experiment, soil drying lead to higher N mineralization and an increased inorganic-N content compared to wet soil. Our N-mineralization rates fell in the
range of rates measured at field conditions in wetland
soils (cf. Olde Venterink et al. 2002). Moreover, the
on average 3 times higher N mineralization rate in our
dried cores was consistent with differences between
aerobic and anaerobic mineralization rates observed
in a range of wetland soils (Bridgham et al., 1998;
Updegraff et al., 1995). Remarkably, ammonium contents decreased in both wet and dried cores during
the first 12 days of incubation (Figure 2D), resulting
in negative net mineralization rates in the wet cores
(Figure 3). Negative net N mineralization rates, which
have also been reported for other wet soils (Aerts
et al., 1999; Giblin et al., 1991), may be explained
by high ammonium concentrations in the initial soil
cores (possibly due to ammonium leakage from damaged roots by core sampling) and a higher affinity for
ammonium of heterotrophic bacteria compared to nitrifying bacteria (Verhagen et al., 1995; Zak et al.,
1990).
We hypothesized that a higher accumulation of
inorganic-N in dried soil compared to wet soil would
not only be due to an increased mineralization rate
but also by a decreased denitrification rate. Calculations of average N transformation rates over 27 d,
indeed, showed that the difference in inorganic-N accumulation between our wet and dried cores was to
68% caused by a higher mineralization rate in the
dried cores, and to 32% by a lower denitrification rate
(Figure 3). We emphasize, however, that these percentages count for incubated soil; the contribution of
a decreased denitrification rate seems less important
under field conditions where denitrification rates were
much lower than in the incubated wet soil. Denitrification rates in the incubated wet cores were much higher
than rates in the field site were the cores were taken
(Figure 2C), as well as in four nearby located sites of
which two sites were very wet (data not shown). Field
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denitrification rates in other wetlands, were mostly
consistent with our sites: lower than 1 mg N m−2 d−1
(e.g. Aerts et al., 1999; Bowden, 1987; Groffman et
al., 1991; Koerselman et al., 1989; Merrill and Zak,
1992; Urban et al., 1988); although sometimes higher
denitrification rates were measured, particularly during winter (Ambus and Christensen, 1993; Berendse et
al., 1994), or due to external nitrate supply or repeated
drying-wetting conditions (Davidsson and Leonardson, 1998; Leonardson et al., 1994). Combined field
measurements of mineralization and denitrification in
temperate wetlands also showed that denitrification
rates were generally much lower than mineralization
rates (Aerts et al., 1999; Verhoeven et al., 1996a, 2001;
Zak and Grigal, 1991). We conclude that increased
inorganic-N availability in most drained wetlands will
primarily be caused by increased mineralization and
less by decreased denitrification.
Differences in denitrification rates between incubated dried and wet soil cores, as well as between
incubated soil and field conditions, can be explained
by the concept of Davidson and Swank (1986) in
which denitrification is primarily controlled by soil
nitrate concentration and WFPS; particularly in our
carbon-rich wetland soil. In the field – and at the start
of our experiment– denitrification was likely limited
by a low nitrate concentration as a consequence of
ammonium and nitrate uptake by plants (cf. Smith
and Tiedje, 1979; Verhagen et al., 1995; Zak et al.,
1990). In the wet cores, denitrification could strongly
increase due to coupled mineralization – nitrification
and constantly high WFPS (Figure 2A–E), whereas
WFPS was too low for denitrification in the drained
cores (cf. Figure 4; Riley and Vitousek, 1995), despite
a high nitrate concentration.
We hypothesized that higher N availability for
plants due to drainage would not only be a result of
mineralization and denitrification, but would also be
caused by a higher organic-N availability (cf. Chapin,
1995; Kaye and Hart, 1997; Raab et al., 1999). Indeed,
differences in DON between wet and dried cores were
comparable to the maximum difference in inorganic-N
(Figure 2, Table 2). We only measured differences in
total DON amounts, but Paul and Tu (1965) showed
that soil drying might increase plant acquirable amino
acids. Although still little is known about plant uptake of DON (but see Chapin, 1995; Kaye and Hart,
1997; Van Beusichem and Neeteson, 1982), dynamics
of organic-N compounds in relation to soil wetness
clearly merits further study.

Re-wetting strongly stimulated denitrification
(Figure 2C) as could be expected from the accumulated nitrate in the dried cores and the sudden rise in
WFPS (cf. Davidson and Swank, 1986; Davidson et
al., 1993; Groffman and Tiedje, 1988; Mulvaney and
Kurtz, 1984). The higher denitrification was however
not reflected in significantly lower extractable amounts
of inorganic-N in the re-wetted soil cores compared
to the dried cores; i.e. re-wetting did not significantly
decrease net N mineralization. We note however, that
particularly average nitrate concentrations tended to
be lower in the re-wetted cores (Figure 2E); a longer
incubation time or more replicates might have shown a
significant decrease in net N mineralization, similar to
the results of Berendse et al. (1994). The other component of N availability, DON, was also not reduced
after re-wetting. This indicates that a hysteresis effect
concerning N availability versus soil drying and rewetting might not only be created by N mineralization,
but also by availability of organic-N.
In the first experiment an indication arose that rewetting with sulphate-enriched water might tone down
denitrification (Figure 2), but results of the second
experiment showed that sulphate did not inhibit denitrification, whether additional nitrate was supplied
or not (Figure 4). Sulphide – which is highly toxic
for nitrifying bacteria (Joye and Hollibaugh, 1995) –
was obviously not built up to toxic levels in our soil,
as also nitrate production and coupled nitrificationdenitrification were not reduced by sulphate addition
at the end of the first experiment; i.e. after 12 d of
incubation with sulphate. So, if sulphate did not inhibit denitrification, the difference in denitrification
between cores re-wetted with water or with sulphateenriched water in the first experiment (Figure 2C) was
likely caused by an unintended difference in soil wetness after re-wetting (see ‘Methods’). Moreover, the
importance of soil wetness for denitrification was also
demonstrated in the second experiment (Figure 5).
The large variation in denitrification after re-wetting
is most likely a result of variation in soil nitrate concentrations after soil drying (cf. Figure 2E), due to
large small-scale variation in decomposable organic
matter and consequently in coupled mineralizationnitrification. Large small-scale variation in denitrification, because of variation in soil nitrate, was also
found in other flooded meadows (Davidsson et al.,
1998; Leonardson et al., 1994).
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Potassium dynamics during soil drying and wetting

While drying had no significant effect on extractable
P in the soil, wetting significantly increased P concentrations. The lack of effect of drainage on extractable
P is in contrast with our hypothesis that soil extractable P would decrease due to redox sensitive Fe-P
complexing (cf. Patrick and Khalid, 1974; Richardson, 1985). The pHKCl of 5.4, corresponding to pHwater
of 5.6–6.4 (Bolt and Bruggenwert, 1978; Olde Venterink, unpublished data), however, suggets that P
was not chemically complexed with Fe, but with Ca
(Lindsay and Moreno, 1960). Ca-PO4 complexing is
supported by Pearson correlation coefficients between
lactic acid extractable amounts of P and Ca (R=0.74;
P<0.001) and between P and Fe (R=0.05; P=0.69).
This indicates that soil redox status, as affected by soil
wetness, was less important for P availability in our
soil. Another explanation for the increased extractable
P pools after re-wetting could be through increased
mineralization of organic matter, as was suggested by
Chepkwony et al. (2001) in a comparable soil drying - re-wetting experiment. In our study, however,
an increased mineralization rate was not supported by
increased extrable inorganic N-pools.
A strong decrease in extractable P in both wet and
drained cores was observed during incubation (Figure
2G, Table 2). If this decrease was not caused by Fe-P
complexing, microbial immobilization seems the most
likely explanation (cf. Chapin et al., 1978; Wood et al.,
1984; Walbridge, 1991). From this point of view, initial wetting apparently dissolved a part of the Ca-PO4 ,
which was readily immobilized by micro-organisms in
both the wet and dried cores (Figure 2G). Re-wetting
the dried cores again dissolved some Ca-PO4 , but
probably due to a diminished microbial P-demand during this second P burst, less of the released P was
immobilized. A strong P release after drying and rewetting was also observed by Olila et al. (1997) in a
wetland soil of similar acidity (5.7–6.3).
Re-wetting with sulphate-enriched water had no
significant effect on extractable P compared to rewetting with distilled water in our soil (Table 2). The
major mechanism for sulphate-induced P release as reported in other studies is sulphate reduction associated
with P release from iron phosphates (Caraco et al.,
1989; Koerselman et al., 1993; Lamers et al., 1998a).
This mechanism seems indeed less relevant in our soil
when P release appeared to be controlled by Ca-PO4
complexing and microbial immobilization, and not by
Fe-P complexing.

Although potassium is a potentially growth-limiting
nutrient in some wetlands (Olde Venterink et al., 2001;
Verhoeven et al., 1996b), its biogeochemistry in wetlands is only rarely reported. Two major effects on
NH4 -exchangeable K were observed in this experiment: (1) A significant decrease in time, and (2) a
stronger decrease in the wet than in the dried cores
(Figure 2F, Table 2).
Among other explanations for the decrease of exchangeable K during incubation, it seems most likely
that potassium, just like ammonium, leached out of
roots damaged by core sampling. Potassium rapidly
leaches out of dead plant material (Verhoeven, 1986).
During incubation this leached K was adsorbed or in
another way immobilized in the soil.
The stronger decrease of exchangeable K in the
wet compared to the dried cores was not expected according to our hypothesis that K availability would
decrease due to an increased K adsorption to soil
particles upon drying. However, adsorption of K is
affected by soil acidity (Mengel, 1982). A higher exchangeable K-pool in dried cores may be caused by
H+ production in the mineralization process; mineralization was higher in the dried cores than in the wet
cores (cf. Figure 3) although this was not reflected in a
lower pHKCl (Table 2). An increased K release after
drainage and increased mineralization was reported
for other wet meadows (Grootjans et al., 1985; Johnston et al., 1995). Other authors observed, however, a
decreased K release after soil drying (Koerselman et
al., 1993; Lamers et al., 1998b), or an unaffected K
release (Grootjans et al., 1986). The strong increase
in exchangeable K after soil wetting as observed by
Koerselman et al. (1993) was also different from the
lack of K response on re-wetting in our study. Additional studies are required to distinguish general
patterns between K release, soil wetness and other site
characteristics.

Conclusions
Our experimental data support field studies which
showed that drainage of wetlands increases N availability for plants. In dried incubated soil, increased N
availability was caused by both increased mineralization and decreased denitrification. In most wetlands,
however, decreased denitrification will be less important. Soil drying also stimulated the release of DON
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and K, but P release was not affected. We conclude
that, in N-limited wetlands, and to a lesser extent
in K-limited wetlands, drainage will often cause eutrophication whereas drainage will probably not cause
eutrophication in many P-limited wetlands.
Although re-wetting of drained wetlands may increase denitrification, it could not be concluded from
our study that N mineralization or N availability will
be reduced after re-wetting. Caution must, however, be
taken in re-wetting of drained wetlands for the benefit
of nature restoration, particularly when plant growth
is P-limited. Both in acid soils as well as in base-rich
soils, re-wetting may severely increase P availability
for plants and stimulate biomass production. Hence, in
such wetlands re-wetting will not solve the problem of
eutrophication, but will create eutrophication instead.
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