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Abstract

Current restoration measures of degraded, acidified
heathland ecosystems have not always been successful in
the Netherlands. Positive effects of a restored hydrology
are often counteracted by acidification of the soil and the
local groundwater system. Liming of the heathlands in
the catchment of moorland pools might contribute to the
restoration of both habitats. Experimental catchment lim-
ing was carried out in two degraded Dutch heathlands,
with doses varying between 2 and 6 tons/ha. Catchment
liming resulted in increased pH and base cation concen-
trations in the highest elevated limed parts, as well as in
the lower situated, nonlimed heath areas and moorland
pools. Generally, catchment liming created suitable con-

ditions for the return of heathland target species, and the
positive effects lasted for at least 6 years. The response of
the heathland vegetation to the liming has, however, been
slow because only a small number of endangered plant
species increased in abundance. In contrast, four Red List
soft-water macrophytes strongly increased in abundance
in the moorland pool. Our results show that, even with
the slow return of Red List plant species, catchment lim-
ing can be a successful management tool for the restora-
tion of the acidified heathland landscape.

Key words: calcium, catchment liming, heathlands, moor-
land pools, Red List plant species, restoration.

Introduction

Heathlands have, for a long time, been a prominent part
of the West European landscape. They contain plant com-
munities where the dominant life-form is that of the small-
leaved dwarf shrubs (especially Ericaceae species) forming
a canopy of 1 m or less above soil surface. Ericoid heath-
lands are widespread in the Atlantic and sub-Atlantic
parts of Europe. In these parts of the European continent,
natural heathlands are restricted to a narrow coastal zone.
Inland lowland heaths are seminatural, although they have
existed for several centuries. Most dry heathland commu-
nities are found on nutrient-poor mineral soils with a low
pH (3.5-4.5). The vegetation is relatively species poor but
with several characteristic species (Gimingham et al. 1979;
Ellenberg 1988).

A small part (5-10%) of the West European heathland
landscape is covered with lowland heath of wet habitats,
dominated by Erica tetralix. These wet-heath communities
(Ericion tetralicis) are generally more species-rich than
those of dry habitats. Hot spots of species richness have
been especially prominent in situations where relatively
base-rich soils (loam or boulder clay) are surfacing in wet
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situations or in discharge areas of local hydrological sys-
tems. These species-rich wet heaths have clearly higher
soil pH (4.5-6.0) and are thus weakly buffered via cation
exchange processes. However, it is likely that many typical
wet heaths formerly had soil pH around 4.5-5.0 because
of the seasonal water logging that increased soil pH by
redox processes and because of the lack of acidifying
atmospheric inputs. This is clearly suggested by the much
higher frequencies of plant species of weakly buffered
soils in vegetation descriptions from before the increase of
atmospheric acidification (De Smidt 1975; Roelofs et al.
1996).

During the last century, the distribution of wet heath-
lands in West Europe has decreased strongly (de Smidt
1975, 1979; Aerts & Heil 1993; Webb 1998) and a consider-
able part is nowadays situated in the Netherlands.
Throughout Western Europe the plant species diversity of
wet heaths has decreased as a consequence of acidifica-
tion, eutrophication, and drainage (Houdijk et al. 1993;
Roelofs et al. 1996; Bobbink et al. 1998b). Because of the
decreased distribution and species diversity, heathlands
are internationally regarded as highly valuable ecosystems
(Gimingham 1992; Webb 1998), and restoration of these
habitats is important.

Although some restoration projects have resulted in the
recovery of the former species-rich heath vegetation (e.g.,
Jansen et al. 1996; Roelofs et al. 1996), the results of many
restoration efforts have often been disappointing. In
particular, the acidification of formerly weakly buff-
ered heathlands could not easily be restored, and the
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endangered, acid-sensitive species did not return (Roelofs
et al. 1996; Bobbink et al. 1998a). Present restoration mea-
sures of heathland ecosystems in the Netherlands are sod
cutting (i.e., the removal of accumulated organic matter
including the vegetation) and, in wet heathlands, restora-
tion of the original hydrology. Sod cutting is very effective
in removing excess nutrients from eutrophicated heath-
lands (Bakker 1989; Mitchell et al. 2000) but does not
counteract soil acidification (Dorland et al. 2003; Van den
Berg et al. 2003). In addition, removal of organic matter
containing nitrifying bacteria results in the accumulation
of ammonium (NHy") in the soil (Dorland et al. 2004).
Within 1-2 years of removal of organic matter, the NH4"
concentrations may reach values that are known to be
toxic to many Red List, acid-sensitive heathland species
(de Graaf et al. 1998; Dorland et al. 2003).

In wet heathlands, the deleterious effects of drainage can
be reversed, for example, by blocking drainage ditches to
increase the influence of (local) groundwater (Roelofs et al.
1996). If local groundwater has been acidified, however, the
success of hydrological restoration will be small (e.g., Gunn
et al. 2001). In such cases, deacidification of groundwater
should be an additional target for restoration measures.

Liming is a widely used method to counteract the loss
of biodiversity due to acidification. Since the 1970s, lime-
stone has been applied directly to acidified lakes, rivers,
and forests (e.g., Henrikson et al. 1995; Eggleton et al.
1996; Appelberg & Svenson 2001), resulting in improved
soil and water chemistry. However, negative effects of
liming have also been reported. The application of high
doses of lime to Norwegian and Swedish lakes has resulted
in the accumulation of CaCOj in the littoral sediments.
Consequently, mineralization rates of the alkalinized sedi-
ments increased, causing eutrophication of the lakes.
After reacidification of these lakes, carbon dioxide (CO,)
levels and NH," and phosphate (PO,’”) concentrations
strongly increased in the sediment pore water (Roelofs
et al. 1994; Brandrud 2002). This resulted in a massive
expansion of Bulbous rush (Juncus bulbosus) and the
concomitant decrease of typical soft-water macrophytes
(Roelofs et al. 1994).

Alkalinization of the sediment and subsequent degrada-
tion of the vegetation does not occur when lime is applied
to the catchment of lakes or rivers (Brouwer et al. 2002;
Roelofs et al. 2002). The added Ca®" and bicarbonate
(HCOj3") are slowly released from the limed soil and cause
a long-term increase of the buffering capacity of the water
and soil in the catchment area. These buffering compounds
will be transported by run-off and subsurface groundwater
flow toward the acidified surface waters. The pH and base
cation concentrations will thus be increased along the
whole height gradient. However, some studies have re-
ported increased leaching of nitrate (NO; ) after liming of
forest soils, resulting from increased decomposition (e.g.,
Traaen et al. 1997). Sod cutting or other measures to re-
move nutrients from the topsoil of the catchments prior to
liming might minimize these risks. The sustainability of the

positive effects of catchment liming may be quite long
because of the continuous leaching of base-rich com-
pounds from limed soils (Hornung 1995; Traaen et al.
1997). Catchment liming has successfully been applied in
studies in acidified lakes and streams in Scandinavia,
Britain, Canada, and in the United States (Hornung 1995;
Nystrom et al. 1995; Porcella et al. 1995; Rundle et al. 1995;
Traaen et al. 1997; Hindar et al. 2003). In these studies,
little attention was paid to the restoration of degraded
terrestrial ecosystems on which the lime was applied.

The aim of our study is to determine whether catch-
ment liming after sod cutting is an effective method to
counteract both the acidification and the accumulation of
NH," in wet and dry heathlands and adjacent moorland
pools simultaneously. Furthermore, we investigated if
catchment liming could successfully restore the character-
istic vegetation of these ecosystems.

Methods

Site Descriptions

In the Netherlands, two acidified and eutrophicated heath-
lands, of which the local hydrology was well known, were
selected for catchment liming. One site was in the na-
ture reserve, Schaopedobbe, situated in the north of the
Netherlands (lat 52°57'N, long 6°15’E). In this area, sandy
soils of Pleistocene origin surround a formerly weakly
buffered moorland pool. Wet-heath vegetation and mat-
grass swards cover the pool margin, whereas a dry heath
vegetation has developed on the higher edges. The second
study area was located in the nature reserve, the Bieze, sit-
uated in the center of the Netherlands (lat 52°14'N, long
5°48'E). The Bieze consists of a complex of wet and dry
heaths surrounding several small, and one larger, weakly
buffered moorland pools. The soil of the Bieze consists of
fine to coarse sand with loam. Both areas had been sod cut
in 1990, which reduces the risk of enhanced mineralization
of soil organic matter following liming.

In both areas, two transects were laid out along a height
gradient (Fig.1). These transects each contained three ter-
restrial sampling points (High, Middle, and Low) and one
sampling point in the moorland pool. The vegetation of the
High, Middle, and Low sampling points could be character-
ized as dry, moist, and wet heath, respectively. The addi-
tion of lime in Schaopedobbe and the Bieze was carried
out on 20 November and 16 December 1997, respectively.
Catchment liming was restricted to the highest elevated
zone at Schaopedobbe, whereas in the Bieze, the High and
Middle zones were limed. Dolokal was used in both study
areas at rates ranging from 2.3 to 6.3 tons/ha (Fig. 1).

Soil, Water, and Vegetation Analyses

Four samples of the upper 10 cm of the soil (2.5-cm-
diameter auger) were collected in Schaopedobbe prior to
and directly after liming in 1997 and once a year from
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Figure 1. Schematic view of the Bieze (A) and Schaopedobbe (B). In
each study area, two transects were laid out. Limed areas indicated
by rectangles with doses in tons per hectare. The limed areas had
been sod cut in 1990. Relative heights of sampling points are indi-
cated as H = High, M = Middle, L = Low, and P = moorland pool.

2000 to 2003 at each of the three terrestrial sampling
points. In the Bieze, soil sampling started 1 week after
catchment liming in 1997. Soil data collected in November
1996 from this area were used for the pre-treatment
situation. The soil samples were transported to the labora-
tory in a cool box, stored at 4°C, and processed within 2
days. After homogenizing the four samples from each plot,
35 g of fresh soil was extracted with 100 ml 0.2 M NaCl or
demineralized water on a rotary shaker (100 rpm) for 1
hour. After measuring the soil pH (SenTix 41 electrode),
the samples were centrifuged at 4,000 rpm for 5 minutes.
Supernatants were filtered through a Whatman GF/C filter
and stored at —20°C until further analysis. Soil moisture
content was measured after drying 15 g of fresh soil at
105°C for 24 hours. Water-extractable concentrations of
APP* K* NO; ™, and PO4*~, and 0.2 M NaCl-exchangeable
concentrations of Ca’**, Mg>*, and NH," were analyzed
colorimetrically using a Skalar continuous flow analyzer
(Skalar 40, Skalar Analytical BV, Breda, The Netherlands).

Surface water samples from the moorland pools were
collected yearly beginning 1994 in the spring and at the
end of each summer. Alkalinity was determined by titra-
tion of 100 ml sample with 0.01 M HCI down to pH 4.2
using a radiometer Copenhagen type TIMS800 in combina-
tion with an ABU901 Autoburette (Radiometer Copenha-
gen) and an ORION pH electrode model 91-56. Citric
acid (0.25 g/L) was added to the samples to prevent
metal ions from precipitating, and samples were stored
at —20°C until further analysis. Nutrient concentrations
were measured on an inductively coupled plasmaspectro-
photometer (Spectroflame Flame VML2, Spectro Al,
Kleve, Germany).

Each summer from 2000 to 2003, vegetation relevées
were made at all terrestrial sampling points. Two plots of
1.5 X 1.5 m were laid out on both sides of each sampling
point. The number and cover percentage of all plant spe-
cies were determined visually within these plots according
to the Braun-Blanquet approach (Westhoff & Van der
Maarel 1978). The plant species were divided into three
classes: Red List target species (Bal et al. 2003), species
characteristic for heathlands (Schaminée et al. 1995), and
nontarget species. The effects of catchment liming on the
aquatic vegetation in the moorland pools at each site was
determined by monitoring the distribution of the four
soft-water macrophytes present before and after catch-
ment liming. The distribution of Floating club-rush
(Eleogiton fluitans), Bog pondweed (Potamogeton polygo-
nifolius), and Ranunculus ololeucos in the moorland pools
of the Bieze and of Floating water plantain (Luronium
natans) in Schaopedobbe was mapped in 1994 and 2003.
All four species are on the Dutch Red List and interna-
tionally endangered (Van der Meijden 2002).

Statistical Analyses

Statistical tests were carried out using the Statistical Pro-
gram for the Social Sciences 10.0 (SPSS, Inc. 1989-1999).
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Figure2. Soil pH-(H,O) (+SE) along the height gradient from High to Low sampling points at Schaopedobbe (A) and the Bieze (B) before and
after catchment liming. When and in which zone lime was applied is indicated by the arrow and (L), respectively.

All data were tested for normality using the Kolmogorov-
Smirnov tests. One-way analysis of variance tests were
carried out to test for the differences between the zones of
each study area. If necessary, data were logarithmically
transformed to stabilize variances between groups. Non-
parametric Mann—Whitney U tests were performed, if
transformations of the data were unsuccessful. Differences
in mean values of the years before and after catchment
liming were tested with Student ¢ tests. To test for signifi-
cant correlations between number of plant species and
years since start of the study, Pearson’s correlation coeffi-
cients were calculated. The significance level, o, was 0.05
in all tests.

Results

pH-(H,0)

Catchment liming at Schaopedobbe resulted in a measur-
able but insignificant increase in pH-(H,O) along the
whole height gradient from the highest elevated limed
parts to the lowest elevated nonlimed parts (Fig.2A).
From 1998 to 2003, soil pH at the Middle and Low sam-
pling points increased to a level between 5.0 and 6.0,
which was in the range characteristic for weakly buffered
soil conditions. In contrast, pH at the High sampling
points increased to 4.5 in 1997 but subsequently decreased
to a level of about 4.1. Six years after the application of
lime, the pH of all the sampling points was still higher
than it had been before liming, but the difference was sig-
nificant for the Middle sampling points only. In the Bieze,
long-term positive trends of liming on soil pH were found
in the highest part only (Fig. 2B).

In both study areas, the pH of the moorland pools
increased after catchment liming (Fig.3). Although pH
decreased since 1999 at Schaopedobbe, the mean pH of
the years after liming (1998-2002) was significantly higher
compared to those before liming (1994-1997). In the
Bieze, pH was significantly higher following liming as well
(4.26 and 4.86 before and after liming, respectively), and
no subsequent decrease was observed.

Base Cations

At Schaopedobbe and the Bieze, the concentrations of
the most important base cations (Ca®*, Mg”*, and K*)
strongly increased following catchment liming (Fig. 4A &
4B). These effects were found along the height gradi-
ents, similar to the pH effects. In particular, Ca**, and
to a lesser extent Mg”*, contributed to this increase. At
Schaopedobbe, the greatest increase was found in the non-
limed Middle part. In the upper and middle zones of both
areas, base cation concentrations fluctuated since 2000,
whereas in the lower part the concentrations stabilized.

The alkalinity of the moorland pools greatly increased
following catchment liming (Fig.5). In both areas,
these effects were observed within 1 year after the addi-
tion of lime. Mean alkalinity in the years after liming
was significantly higher, compared to preliming years
(220.8 versus 31.6 and 50.4 versus 13.7 peq/L of Schaope-
dobbe and the Bieze, respectively).

Nutrients

Gradually increasing concentrations of NH;" and NO;™~
were found in the limed High parts of Schaopedobbe
(Fig. 6). Maximum concentrations of NH," were reached
in 2002, 5 years after the lime application. In the Bieze
and in Middle and Low parts of Schaopedobbe, no
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Figure 3. Mean annual values of pool water pH (+SE) at
Schaopedobbe (filled squares) and at the Bieze (open circles) from
1994 to 2002. The arrow indicates when lime was applied.
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Figure 4. Mean 0.2 M NaCl-exchangeable soil base cation concentrations (+SE; Ca®* = white, Mg?* = gray, and K* = black) along the height
gradient from High to Low sampling points at Schaopedobbe (A) and the Bieze (B) before and after catchment liming in 1997. When and in

which zone lime was applied is indicated by the arrow and (L), respectively.

significantly increased NH;" and NO;~ concentrations
were found after liming.

In the moorland pools at Schaopedobbe and Bieze,
NH4" and NO3~ concentrations were high in 1995 and
decreased in subsequent years (Fig.7). No significant
changes in these concentrations, or in the NH;" :NO3~
ratio (data not shown), occurred in both areas following
catchment liming.

At the Bieze, Al:Ca ratios, which are indicative for pos-
sible toxic effects of dissolved AI** concentration, ranged
between 14 and 16 before catchment liming and had
significantly decreased 5 years after catchment liming
(Fig.8A). In Schaopedobbe, Al:Ca ratios before catch-
ment liming were lower compared to the Bieze and
decreased following catchment liming as well (Fig.8B).
These differences were not significant, however.

1993 1995 1997 1999 2001 2003

Figure 5. Mean annual values of pool water alkalinity (+SE) at
Schaopedobbe (filled squares) and at the Bieze (open circles) from
1994 to 2002. The arrow indicates when lime was applied.

Vegetation

Catchment liming improved the abiotic conditions of
heathlands and moorland pools. However, only small pos-
itive trends in the number of Red List and characteristic
plants species of wet heaths were observed, and no signifi-
cant differences between years were found at Schaope-
dobbe during the study period 2000-2003 (Fig. 9A). There
was no significant positive correlation between the num-
ber of plant species and years since liming. In the Bieze,
no positive trend in number of species over time was
found (Fig. 9B). Among the target species that returned or
increased in abundance in both study areas were Marsh
gentian (Gentiana pneumonanthe), Marsh clubmoss
(Lycopodiella inundata), White beak-sedge (Rhyncho-
spora alba), Brown beak-sedge (R. fusca), Oblong-leaved
sundew (Drosera intermedia), and Round-leaved sundew
(D. rotundifolia), all Dutch Red List species.

The distribution of Eleogiton fluitans, Potamogeton
polygonifolius, and Ranunculus ololeucos in the moorland
pools of the Bieze increased considerably following catch-
ment liming (Fig. 10). The number of pools in which these
species covered more than 25% increased from 4 pools in
1994 to 14 in 2003. During this period, the distribution of
Luronium natans increased approximately 10-fold follow-
ing catchment liming in Schaopedobbe. In addition, the
abundant growth of Juncus bulbosus and several acid-
tolerant Sphagnum species, which occurred before catch-
ment liming in many pools in the Bieze, disappeared
following the lime application (data not shown).

Discussion

Our results showed that the application of Dolokal on the
catchments of two acidified heathlands resulted in the
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Figure 6. Soil water-extractable NO3; ™ concentrations and 0.2 M NaCl-exchangeable NH," concentrations (+SE) along the height gradient at the
Bieze (B; upper graphs) and Schaopedobbe (S; lower graphs) before and after catchment liming. Black squares = High, gray triangles = Middle,
and open circles = Low sampling points. Arrows indicate when lime was applied. Note the different y-axis of the S-NH,* graph.

successful restoration of abiotic conditions in the highest
elevated limed parts, as well as in the lower situated, non-
limed heath areas and moorland pools, hence along the
whole height gradient. Increased pH, Ca®* concentrations,
and alkalinity and decreased AI’* concentrations follow-
ing catchment liming have also been reported for streams
and lakes (e.g., Porcella et al. 1995; Rundle et al. 1995;
Menendez et al. 1996; Simmons & Cieslewicz 1996;
Traaen et al. 1997; Hindar et al. 2003). The dissolution
rate of Ca®* from the applied lime will depend on the acid-
ity of rain water and the type of lime. Kreutzer (1995)
found that 50% of the applied dolomite had dissolved dur-
ing the first year and the rate decreased exponentially to
90% after 4 years. During the first 4 years of the study of
Alenis et al. (1991), 73% had dissolved from the di-
Ca-silicate slag applied. As a result, the input of Ca** and
HCO;™ ions into the soil and soil water is high, hence
restoring the cation exchange capacity (CEC). The subse-
quent transport of mobile Ca** and HCO5 ™~ ions toward
the lower parts of the wet heathlands and the moorland
pools by groundwater flows may be slow depending on the

IDN)

"l ﬁﬁﬁ =T

hydrological gradient and the permeability of the soil.
Consequently, catchment liming will result in a low but
continuous input of Ca** and HCO5 ™~ ions into topograph-
ically lower areas, causing positive effects on soil and pool
water chemistry. In Schaopedobbe, a rapid transport of
Ca”" ions by run-off or subsurface water flows following
catchment liming was found because increased base cation
concentrations were found in the lower situated nonlimed
parts within 1 month.

The positive effects of catchment liming on soil and
water chemistry can be extended over several years. In our
study, increased pH and base cation concentrations per-
sisted throughout the study period, thus lasting for at least
6 years. Similar results were found for limed streams in
Wales (5 years; Rundle et al. 1995) and Norway (7 years;
Hindar et al. 2003) and for Swedish lakes (>8 years; Frans-
man & Nihlgard 1995). Others observed persistence of
mitigating effects of catchment liming for more than 10
years (Hornung 1995; Traaen et al. 1997). The persistence
might be even more prolonged if the input of acidifying
compounds by atmospheric deposition continues to
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Figure 7. Pool water NO; ™~ (white) and NH,4" (gray) concentrations (+SE) at the Bieze (A) and Schaopedobbe (B) from 1994 to 2002. Arrows

indicate when lime was applied.
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Figure 8. Soil water-extractable Al:Ca ratios (+SE) at the Bieze (A) and Schaopedobbe (B) before (gray) and 5 years after (white) catchment
liming. Significant differences between years are indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). (L) indicates the zone in which lime
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decrease, as is the case in recent decades (Eerens et al.
2001). Studies in which no ameliorative effects of catch-
ment liming on surface waters were found are also known,
however. Lorz et al. (2003) repeatedly limed a forest
catchment in the Ore Mountains (Germany) over a period
of 7 years and found only a small increase in pH and
decreasing concentrations of Ca?* and Mg?*. Possibly,
groundwater discharge from humic forest soils is more
difficult to ameliorate due to their high (potential)
CEC, whereas sod-cut heathland soils are predominantly
mineral.

Besides the positive effects of catchment liming on soil
chemistry, some negative effects have also been docu-
mented. Increased loss of NO3~ via run-off was found in
the studies of Traaen et al. (1997). This increase may per-
sist for a period of 1-2 years and may be caused by
increased mineralization of soil organic matter, and hence
nitrification, due to the higher soil pH. In our study, no
increased NOs  concentrations were found. However,
catchment liming did increase NH," concentrations in
Schaopedobbe. In 2002, 5 years after liming, NH4" con-
centrations had reached values up to 750 pmol/kg dry soil.
This result contradicts our presumption that sod cutting
prior to catchment liming would prevent increased miner-
alization. The period of 7 years between sod cutting and
catchment liming might have been too long to forestall

these negative effects because a new organic layer will
have accumulated during these years. Sod cutting directly
before liming seems to be necessary to prevent enhanced
mineralization. The maximum NH," concentrations found
in Schaopedobbe might be toxic for many Red List heath-
land plants as found in previous research (De Graaf et al.
1998; Dorland et al. 2003). Because these effects occurred
only in the high parts, vegetated by a species-poor dry
heath vegetation, we observed no negative effects on the
vegetation. In the Bieze, increased values were found in
all terrestrial sampling points, but these values did not
reach toxic concentrations. The higher increase in NH,"
concentrations following liming compared to the increase
in NOs;~ concentrations indicates that nitrification is still
limited due to low soil pH. At the time of maximum NH,*
concentration in Schaopedobbe, mean soil pH was about
4.1. Roelofs et al. (1985) found that nitrification is seri-
ously hampered below soil pH values of 4.1-4.4.

In our study, no negative effects of catchment liming on
plant species composition were found, although damage
to the (terrestrial) vegetation is sometimes said to be the
major negative effect of catchment liming (Henrikson
et al. 1995; Traaen et al. 1997). Liming of Swedish bogs,
for example, resulted in death of Sphagnum mosses
(Henrikson et al. 1995). In our study, the number of (Red
List) phanerophyte plant species showed a positive trend
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Figure 9. Plant species diversity of terrestrial zones at the Bieze (A) and Schaopedobbe (B) from 2000 to 2003. Red List species are indicated in
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Figure 10. Expansion of Eleogiton fluitans, Potamogeton polygonifolius, and Ranunculus ololeucos in pools at the Bieze from 1994 (A) to 2003
(B). Dark gray areas, >25% cover; light gray areas, <25% cover; and white areas, absent.

in Schaopedobbe and remained constant in the Bieze.
Vigorous growth of Juncus bulbosus and Sphagnum spe-
cies ceased in the pools of the Bieze, and Red List species,
such as Eleogiton fluitans and Potamogeton polygonifolius,
expanded strongly. This change may be explained by the
increased pH and alkalinity of the moorland pools. As pH
increases, a shift occurs from CO, as the inorganic carbon
form at low pH toward HCO;  at higher pH (Hagley
et al. 1996). Plant species that depend on high CO, and
NH," concentrations for their growth, such as J. bulbosus
(Roelofs et al. 1995; Lucassen et al. 1999), will be replaced
by soft-water macrophytes (Brouwer & Roelofs 2002;
Roelofs et al. 2002). Brandrud (2002) also reported that in
the years following lake liming, acid-sensitive species
increased in abundance. These species were mainly elo-
deids, such as Alternate water-milfoil (Myriophyllum
alterniflorum) and Red pondweed (P. alpinus), and
nymphaeids such as P. polygonifolius and Broad-leaved
pondweed (P. natans).

The response of the terrestrial vegetation to improved
abiotic conditions was relatively small in both study areas,
though some Red List species returned or increased in
abundance. Most of them were characteristic for early suc-
cessional stages, such as both Drosera and Rhynchospora
species and Lycopodiella inundata. The return of other
Red List species may be limited by low seed availability.
Many Red List species of later successional stages produce
short-lived seeds (Thompson et al. 1997; Bekker et al.
1998) and will be absent in the seed bank of degraded wet
heaths, as was shown in seed bank analyses of two other
wet heathlands (Dorland 2004). When remnant popula-
tions of these species are not present at nearby sites, the
establishment of these species may be hampered seriously.
The chance of long-distance seed dispersal of many Red

List plant species has been shown to be very low in the
fragmented Dutch landscape (Soons & Heil 2002).

In conclusion, catchment liming has proven to be a mod-
erate to long-term stable method to ameliorate the chem-
istry of acidified heathland soils and moorland pools.
Abiotic variables, like pH, buffering capacity, and AI**
concentrations, were successfully improved. Acidification
was successfully counteracted, but some mobilization of
NH," occurred. This can probably be prevented by sod
cutting immediately prior to liming. Typical soft-water
macrophytes strongly expanded after catchment liming.
The terrestrial vegetation, however, showed only a weak
response. This might be a consequence of the mobilization
of NH," and a lack of viable seeds or poor seed dispersal
of the Red List plant species to the amended sites.
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