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Inland dunes, a rapidly declining semi-natural landscape

Bare sand

The inland dune landscape has always been changing. From the Late Middle Ages 
until about 1850, the area of bare sand steadily increased, but bare sand almost 
vanished in recent times due to afforestation and abandonment of pre-industrial 
agricultural practices (Koster 2010).

The causes of ongoing loss of bare sand area have been studied in eight inland drift 
sands, four of which were stabilized and four had larger areas of active drift sand 
(chapter 2). These eight sites were chosen within a gradient of nitrogen deposition, 
mineralogy, recreation intensity and precipitation. In all study sites about half of all 
bare sand has become covered in vegetation since 1950. In the period 1981-2007, the 
rate of decline was 1.5 to 2 times higher than in the previous period (1950-1981). 
Geomorphology and recreation were important factors explaining succession speed 
at a local scale. The main effect of geomorphology was the more rapid succession on 
blowouts than on drift sand dunes, which is explained by the stronger effect of wind 
erosion and water erosion on dune slopes (Riksen & Goossens 2007). Recreation 
causes bare sand to be maintained on trails, yet this forms an insignificant small part of 
drift sand areas. Other factors were hypothesized, including generic changes amongst 
which elevated nitrogen deposition and a prolonged growing season. Increased 
nitrogen deposition may have stimulated plant growth, and thus increased rate of 
succession. Also, vegetation growth in the semi-arid bare sand habitat is likely to be 
strongly limited by drought. Therefore, increased rainfall and warmer winters may 
have led to a more rapid succession.

Pioneer vegetation

Loss of bare sand area is not only the loss of shifting sands as a geomorphological 
phenomenon, but also a threat to future development of pioneer vegetation with its 
highly adapted species, that are confined to this habitat. During the past decades, 
the area of pioneer vegetation created upon loss of bare sand balanced the loss of this 
pioneer vegetation by its succession to forest (chapter 2). This means that if no bare 
sand is left, the area of pioneer vegetation will start to reduce. At present, the ongoing 
succession towards forest therefore is the main threat to old, species-rich vegetation in 
drift sand reserves and will remain so in the future. This process is also stimulated by 
high levels of N deposition. The effect of N deposition on the vegetation cover was 
especially visible in blowouts, which had a significantly higher forest cover in sites with 
high N deposition.

Although some species are truly confined to bare sand, such as the lichen Stereocaulon 
condensatum, most other species have their optimum in older succession stages. The 
pioneer stages of drift sands are renowned for their lichen vegetations (Ketner-Oostra 
et al. 2010), which are different from the more buffered soils in the coastal dunes 
(Paus 1997). High diversity occurs mainly in the stage in which small Cladonia species 
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dominate. The development time of such lichen vegetation is estimated to be 15-20 
years. However, the average age appeared to be more than 40 years, which is due to 
several factors including low-intensity grazing, tree-removal and perhaps microclimate.

Although effects of N deposition on the loss of bare sand in inland dunes were partly 
masked by differences in geomorphology, it has been shown that -on a local scale- 
primary succession was affected by atmospheric nitrogen deposition, either through 
an increased succession rate, species replacement, or changes in the performance of 
species. These findings are discussed in the paragraphs hereafter.

Soil and vegetation development
During succession from bare sand to heath and forest, organic matter, base cations 
and nutrients accumulate in the topsoil (chapter 3). Early succession stages largely 
depend on atmospheric deposition for their growth. Nutrient cycling becomes 
important in later stages: in early succession stages, the cryptogam mat largely depends 
on interception of atmospheric deposition, while in later stages, nutrient retention 
in the topsoil and nutrient cycling by vascular plants become more important (Table 
7.1). This is supported by the finding that nitrogen mineralization increases during 
succession. 

As succession takes place, a vegetation of mainly cryptogams is formed, which are 
then becoming replaced by grasses. In the first succession stages, a bryophyte mat of 
Polytrichum piliferum is formed. This mat becomes colonized by small lichen species. 
This results in species-rich lichen vegetation which becomes gradually replaced by 
vegetation dominated by grasses and fewer, larger lichen species. Eventually, dwarf 
shrubs (Calluna vulgaris and Empetrum nigrum) and forest appear. Succession in 
cryptogam species also includes a change from species that spread with small diaspores 
to species that disperse with larger fragments (Bültmann 2005).

 
Table 7.1. Dominant processes of nutrient accumulation and change in cycling during primary 
succession in inland dunes.
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Some authors concluded that lichen vegetations mainly develop on soil high in base 
cations and phosphate (Daniëls 1990, Ketner-Oostra & Sýkora 2008). Based on 
the results in this thesis, this seems to be partly true: lichen-rich vegetations have a 
relatively well-developed soil, in which those elements accumulated in organic matter 
over time. Growth of lichens, however, may be enhanced by elevated phosphate levels 
in the topsoil, which may occur e.g. after wildfire (Daniëls 1990).

Apart from nutrient availability, drought stress is a growth-limiting factor in inland 
dunes, which is particularly effective during the first succession stages when the soil 
is still thin. Algal growth, and germination and survival of Corynephorus canescens 
seeds depend on wet summers, autumns and mild winters (Pluis & van Boxel 1993, 
Hasse 2005, Riksen & Goossens 2005). Due to the thicker organic soil layer in 
later succession stages, water retention is increased and drought stress becomes less 
important, resulting in a higher biomass production.

Effects of increased N deposition on soil and vegetation
In drift sand soils, the nutrient status depends largely on atmospheric deposition of 
nutrients, since the release of P and base cations by weathering of the parent material 
is low (van der Salm 1999, Kooijman et al. 2010, Sevink & de Waal 2010). During 
succession elements accumulate and are adsorbed to organic matter. In precipitation, 
ammonium was found to be the most abundant cation and showed large differences 
between sites. Concentrations of most other elements did not vary significantly. 
Nutrients and base cations are sufficiently available in precipitation to keep pace with 
vegetation growth (Table 7.2).

Ammonium likely competes with other base cations (Na+, K+, Ca2+, Mg2+) for cation 
exchange sites in soil organic matter as in other dry sand habitats. This leads to lower 
and often limiting amounts of those base cations in high N deposition sites (chapter 
3). In the past, deposition of oxidized sulphur compounds, “acid rain”, may also have 
contributed to enhanced leaching of base cations. Ammonium-rich soil is further 
acidified by increased nitrification, due to higher availability of substrate for nitrifying 
bacteria. Finally, increased uptake of ammonium by plant roots will increase proton 
concentrations in the soil solution (van Breemen et al. 1983). Due to soil acidification, 
aluminium may also become more soluble in acid soil. Earlier studies have shown that 
both ammonium and aluminium have a negative influence on the survival of lichens 
and plants (van Breemen et al. 1983, Skrindo & Okland 2002, Hasse & Daniëls 2006, 
de Graaf et al. 2009). Indeed, a higher soil Al:Ca ratio and lower soil pH was found in 
drift sand sites with high N deposition compared to low-deposition sites, indicating 
displacement of Ca2+ and a higher solubility of Al3+. These high-deposition sites also 
had a significantly higher ammonium:nitrate ratio in the soil. In the Veluwe area, 
changes in the Al:Ca ratio may be somewhat more pronounced as the soil is richer 
in weatherable minerals as discussed in the introduction (chapter 1). The possible 
contribution of weathering could be part of future studies.
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Table 7.2. Atmospheric input (precipitation; n = 4) and approximate aboveground vegetation 
stocks (n = 6 - 20) for several elements in pioneer vegetation in inland dunes. Atmospheric input 
(measured in 2008-2009) is given for regions with high (Kootwijkerzand, Wekeromse Zand) and 
low (Aekingerzand, Drouwenerzand) N deposition separately, but in aboveground biomass, 
stocks did not differ significantly between regions, and are combined. Mean values are given 
with standard deviations between brackets. Significant differences in atmospheric input between 
regions are marked with asterisks (* P < 0.05; ** P < 0.01). A range of the minimum development 
time and average age are given below the names of the succession stages. Methods and results 
are derived from Nijssen et al. (2011).

Atmospheric input Stocks in aboveground vegetation

mmol m-2 yr-1 mmol m-2

Element Drenthe Veluwe Polytrichum Smaller 
lichens

Campylopus Reindeer 
lichens

5-9 yr 15-53 yr 10-53 yr 20-49 yr

Ca 9.5 (3.7) 8.8 (2.6) 5.8 (0.2) 6.1 (0.5) 16 (1.1) 9.7 (0.6)

K 8.5 (1.5) 8.1 (2.1) 17 (1.2) 18 (2.6) 47 (5.1) 28 (2.8)

Mg 6.1 (0.3) 5.5 (1.1) 6.2 (0.4) 6.4 (0.8) 17 (1.5) 10 (0.8)

Na 46 (38) 38 (6) 2.5 (0.4) 2.6 (1.0) 7.0 (1.9) 4.2 (1.1)

Al 0.4 (0.1) 0.2 (0.1) * 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

C 0 (0) 0 (0) 8404 (181) 8708 (394) 23449 (783) 13945 (429)

N 49 (10) 109 (7) * 155 (5) 160 (10) 431 (21) 257 (11)

NH4 26 (9) 65 (5) ** - - - -

P 2.0 (0.4) 2.6 (0.4) 4.7 (0.3) 4.8 (0.6) 13 (1.1) 7.7 (0.6)

The effects of N deposition were also visible in the microbial biomass in different 
succession stages (chapter 4). Microbial biomass was lower in sites with high N 
deposition, but the higher N:P and lower C:N ratios of soil microbes clearly indicated 
effects of higher N availability. Soil acidification and high levels of ammonium also 
have their effect on the vegetation. In a fertilization experiment in three different 
succession stages in sites with high and low N deposition, grasses contained more 
N and less base metals after N fertilization and also N:P and C:N ratios changed 
significantly (chapter 5). There were also significant differences in the grass N:P ratio 
between low- and high-deposition sites, with values around 10 at low, and around 
20 at high N deposition levels. N deposition could also lead to P and K limitation of 
vegetation growth. P was limiting vegetation growth of the cryptogam layer in both 
high and low N deposition sites. Especially lichens showed a strong growth response 
to P addition, whereas vascular plants and moss species with root-like structures 
(Polytrichum piliferum) in the mineral soil or below a thick ectorganic horizon 
(Campylopus introflexus) did not respond. At low N deposition, grass growth was co-
limited by N, P and K. In high N deposition sites, however, only P and K limitation 
was found, which was also the case and in low deposition sites after N fertilization. As 
expected, P addition resulted in an opposite effect: lower N:P ratios and even lower 
plant N concentrations. Absence of a growth response of grasses to P addition suggests 
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that K limitation, and possibly also limitation by other base cations, may be a reason 
why strong grass encroachment does not occur in inland drift sands, as compared to 
observations in some coastal dunes (Kooijman & Besse 2002),whose soils are often 
much richer in minerals and receive base cations from salt spray. This may explain why 
lichen vegetation, although impoverished, is still present in inland dunes with very 
high levels of N deposition (e.g. 40 kg ha-1 yr-1), whereas they largely disappeared from 
coastal areas.

Sites with high N deposition had a lower species diversity, especially of lichens, 
which form the most diverse group in drift sands. Experimental fertilization of three 
succession stages showed a decrease of lichen cover and increase of grass cover after N 
fertilization (chapter 5). The effects of N fertilization were larger in a low-deposition 
site, than in a high-deposition site. P fertilization gave an opposite effect: lichens 
increased, resulting in a higher lichen:grass ratio. High nitrogen deposition sites had 
a higher cover of algae, higher settlement of Scots pine and species of late succession 
stages. Increase of algae on bare sand reduces wind erosion and accelerates the 
settlement of Corynephorus canescens, i.e. speeding up succession. Scots pine forms an 
ongoing threat to the pioneer vegetation and is costly to remove. Thus, sites with high 
N deposition also require more frequent management to retain the area of bare sand 
and keep vegetation low.

Nitrogen sensitivity of cryptogams

Little literature exists on the nitrate versus ammonium use of bryophytes, but most 
studies find relationships with ammonium (Glime 2007). Ammonium toxicity is a 
common problem in cryptogams, especially lichens. There are several mechanisms that 
could make species tolerant to ammonium. Earlier studies on lichens have shown that 
species insensitive to ammonium toxicity tend to have less cation-exchange sites and 
are more capable of transforming intracellular ammonium into nitrate (Gaio-Oliveira 
et al. 2001). The rather ammonium-tolerant moss from dry acid soils, Polytrichum 
formosum, was found to have a low cation-exchange capacity of between 50 and 100 
mmol kg-1 dry weight (Büscher et al. 1990), whereas values between 650 and 700 are 
reported for the N sensitive reindeer lichen Cladonia rangiferina (Meychik et al. 2010). 
Ammonium does not seem to harm the invasive moss species C. introflexus under 
ambient conditions, although at extreme deposition values around 100 kg N ha-1 yr-1 
slower growth, not die-off, was found (chapter 6). Whether C. introflexus has high or 
low amounts of cation-exchange sites is unclear and open to future research.

Replacement of lichens by Campylopus introflexus

Campylopus introflexus, an invasive bryophyte

Many authors have described the invasion of the exotic bryophyte Campylopus 
introflexus in sandy soil in Western Europe (van der Meulen et al. 1987, Equiha & 
Usher 1993, Biermann & Daniëls 1995, Hassel & Söderström 2005, Hasse 2007, 
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Ketner-Oostra & Sýkora 2008). Some authors supposed that nitrogen deposition 
may have stimulated its expansion in inland dunes, although no data supporting this 
hypothesis was provided (e.g. Ketner-Oostra & Sýkora 2008). Chapter 6 of this thesis 
showed that settlement of C. introflexus is favored by both nitrogen deposition and 
presence of mineral soil rich in organic matter.

Replacement of lichens by Campylopus

The mechanism of the initial settlement and replacement of lichens by Campylopus 
introflexus is shown in Fig. 7.1. The first succession stage in which drift sand becomes 
fully covered with vegetation is the stage in which Polytrichum piliferum forms a 
belowground mat of rhizoids (Bowden 1991). The space between the shoots can then 
be filled up by lichens or Campylopus introflexus. In high N deposition and/or organic 
matter-rich sites, C. introflexus is favoured and starts to dominate the vegetation, 
forming a thick mat enclosing the existing vegetation, like a strangler fig. Local 
dominance of C. introflexus was found to occur at N deposition levels of 30-32 kg N 
ha-1 yr-1 or atmospheric ammonia concentrations of 7 µg NH3 m

-3.

Campylopus introflexus forms mats of densely packed vertically orientated shoots 
that grow apically and die-off a few mm below. It may build a thick ectorganic layer, 
which acts as a sponge absorbing precipitation and elements contained in it. As the 
ectorganic layer grows, nutrients released by its decomposition are retained and easily 
taken up by the upper living part of the moss mat. Within the set of plant species 
in inland dunes, only C. introflexus possesses such a thick ectorganic layer. Lichens 
do have a similar structure, a basal layer of necromass (Crittenden 1991), but this 
layer is much thinner, especially in smaller species, such as cup-lichens and crustose 
lichens. The thick ectorganic layer makes C. introflexus a powerful competitor to the 
characteristic small lichen vegetations. Large lichens, such as reindeer lichens, can 
survive in cracks in older moss carpets. The latter has also been found by Daniëls et al. 
(2008) in a long-term monitoring study on C. introflexus encroached plots. The shift 
from smaller to larger lichen species as a result of elevated N deposition has also been 
found in dunes along the Baltic coast (Remke et al. 2009).

Fig. 7.1. Left to right: The invasion of Polytrichum piliferum mats (left) by lichens (middle) and 
Campylopus introflexus (right) under high N deposition, eventually resulting in dominance of 
Campylopus introflexus (right).
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Decrease of lichen vegetation

The competition between lichens and Campylopus introflexus is supposed to be the 
main threat for future development of lichen vegetations. Older lichen vegetations 
may be threatened as well, due to the increase of the grass:lichen ratio of the vegetation 
caused by the combination of a possibly toxic effect of ammonium on lichens and 
increase of grass biomass production and settlement of trees. Although nitrogen 
deposition was seen as the main cause for a generic increase in grass cover in long-
term monitoring plots in the Veluwe area (Ketner-Oostra & Sýkora 2008), this thesis 
provides the first evidence of increase of grasses in inland dunes based on experimental 
nutrient addition and a comparison of low and high-deposition sites.

Nitrogen stress in lichens has been further demonstrated by the dramatic increase of 
lichen biomass after P addition, showing an imbalance between N and P. Also, the 
decline of lichens after N addition showed that these species are extremely sensitive 
to nitrogen. Existing lichen vegetation may also become more vulnerable to damage 
by trampling, as exposed organic matter-rich mineral soil may be invaded faster by C. 
introflexus than by lichens. The same holds true for the replacement by C. introflexus 
of the generally short-lived crustose lichens (e.g. Micarea leprosula, Placynthiella sp., 
Pycnothelia papillaria), which grow directly on organic matter-rich mineral soil. 
Vegetation maps of eight inland dune sites showed that sites with N deposition levels 
above 30-32 kg ha-1 yr-1 had a lower cover of vegetation classes dominated by lichens 
relative to the Campylopus vegetation class.

The dispersal of lichens, measured as the survival of vegetative propagules, was 
negatively affected by nitrogen deposition and the invasion of C. introflexus as well. 
At least one species (Cladonia strepsilis) performed less under high N deposition in a 
dispersal experiment carried out in sites at high and low N deposition. Also, the cover 
of suitable substrate for the species, patches of bare mineral soil rich in organic matter, 
decreases as C. introflexus rapidly colonizes such patches.

Evidence for the decline of lichen vegetation due to high N deposition is further 
supported by comparing the age of the lichen vegetation inferred by soil depth (Fig. 
7.2). In high N deposition areas, the mean thickness of the Ah horizon below the N 
sensitive small lichen vegetations is much larger than in low-deposition areas. The 
thicker Ah horizon suggests that the lichen vegetation in high-deposition areas are on 
average older as less new lichen vegetations are formed than in the past. An analysis 
of historical aerial photographs has shown that species-rich lichen vegetation may be 
several decades old. This means that part of this vegetation has been formed before the 
introduction of Campylopus introflexus. In low-deposition sites, lichen vegetations are 
formed at a much higher rate, resulting in a relatively younger soil, characterized by 
a thinner Ah horizon. This can be explained by lesser competition with C. introflexus 
and grasses. Apart from the soil age, the number of lichen species in randomly selected 
plots of 1 m2 is also negatively affected by N deposition (Fig. 7.3).
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Although lichen diversity in 1 m2 plots is about 20% lower in high deposition sites 
than in low-deposition sites within The Netherlands (chapter 3), species diversity 
at site level is probably not lower than under pristine conditions. Average species 
densities of 8 - 10 lichens per m2, about 30% of all terricolous lichen species found in 
inland dunes, also compare well to a study along the Baltic coast (Remke et al. 2009) 
and Anholt (Christensen & Johnsen 2001). The effect of 
N deposition is therefore difficult to infer from large-scale 
distribution maps (e.g. www.verspreidingsatlas.nl). An 
exception forms the current distribution of some rare and 
sensitive lichen and bryophyte species, such as Cetraria 
islandica and the liverwort Scapania compacta. The current 
distribution of these species match low N deposition areas 
(van Tooren & Sparrius 2007). Rare sensitive species also 
disappeared from high-deposition sites.

Recommendations for conservation and 
restoration
Inland dunes are currently protected under the EU 
Habitat Directive. Recently, conservation targets have 

Fig. 7.2. Average Ah horizon depth below small lichen dominated vegetations (lichen cover 25% 
or more) of 20 plots in sites with high and low nitrogen deposition divided by the median value of 
nitrogen deposition (32 kg ha-1 yr-1). (level of significance: P < 0.05). Based on data from Nijssen et 
al. (2011).

Fig. 7.3. Histogram with the distribution of the number of lichen species found in 172 randomly 
stratified plots of 1 m2 in The Netherlands over a gradient of N deposition. High and low N 
deposition are separated by the median value of 30 kg N ha-1 yr-1. Only plots containing lichen 
species were selected. Based on the dataset used in Chapter 3.
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been formulated and translated into restoration measures to stabilize or increase the 
area of bare sand and pioneer vegetation (Londo 1997, Bal et al. 2001, Riksen et al. 
2006). Although the aim of this thesis was not specifically to evaluate restoration 
measures, the results of the field surveys and experiments confirm that conservation 
and restoration management is necessary in order to preserve bare sand and lichen-rich 
pioneer vegetation in inland dunes. Several common measures for the restoration and 
conservation of inland are discussed in this paragraph.

Creating bare sand

The most commonly applied measure to restore a drift sand site is to create bare sand 
by removal of forest and topsoil (Bal et al. 2001, Riksen et al. 2006, Riksen et al. 
2008). Without this restoration management all bare sand would be lost in the period 
2035-2050. In order to keep up with the ongoing loss of bare sand, forest removal 
needs to be carried out at a large scale, comprising around 43 ha per year for the entire 
country. This value is based on the succession rate in the period 1950-2006 and almost 
equivalent to restoration measures carried out within the period 2000-2006 (Riksen & 
Jungerius 2010). This means that current efforts are sufficient, but must be continued 
at the same rate to preserve the drift sand landscape. Target areas for restoration have 
been identified by Nijssen et al. (2011).

After topsoil removal, the succession rate depends on colonization and erosion. For 
example, active drift sand dunes can remain bare for a long time due to wind erosion, 
whereas blowouts become vegetated within a short period of time. It may take two or 
more decades before a closed, species-rich vegetation is formed. This slow development 
makes it difficult to rapidly evaluate restoration measures. Long-term monitoring is 
therefore required to get insight in the vegetation development of inland dunes.

The results of chapters 4 and 6 showed that removal of topsoil, which is rich 
in organic matter, is also a critical factor in the restoration of drift sands. N 
mineralization due to the presence of higher levels of organic matter in bare soil 
contributed more to N availability than N deposition when a high- and low-
deposition site in The Netherlands are compared. Also, in the Campylopus growth 
experiment, soil organic matter contributed more to Campylopus growth than nitrogen 
deposition. The results of this study implies that when after a restoration measure 
organic matter is left in the forms of wood chips, living vegetation or a partial Ah 
horizon, vegetation succession rate will increase, Campylopus introflexus may settle even 
before any other species and species confined to the earliest succession stages, such as 
Stereocaulon condensatum, will not return after restoration. Leaving organic matter after 
restoration will also result in higher management costs as the measures have to be more 
frequently repeated (Riksen et al. 2008).

The relative cover of bare sand versus vegetated parts in inland dunes remains a 
problem for conservation management (Castel & Koster 1987, Riksen & Goossens 
2005, Riksen et al. 2006), in which a trade-off between current biodiversity and future 
development of pioneer vegetation must be made. The results of chapter 2 indicate 
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that geomorphology plays an important role in the sustainability of newly created bare 
sand surfaces. In blowouts, wind erosion is low and pioneer vegetation will settle soon. 
In inland dune sites characterised by a large cover of blowouts, the management could 
therefore focus on maintaining pioneer vegetation instead of bare sand. To provide a 
habitat for species of the earliest stages, small-scale topsoil removal could be advised. 
Inland dune sites with a relatively large cover of drift sand dunes are more suited for 
restoration of bare sand surfaces of which the lifespan is prolonged by wind erosion 
processes (Castel 1991, Riksen et al. 2008).

Tree removal and grazing

Common measures to protect species-rich vegetation are removal of tree seedlings 
and isolated trees, especially Scots pine (Londo 1997, Bal et al. 2001, Riksen et al. 
2006). Settlement of small Scots pine trees in the pioneer vegetation was found 
more frequently in high N deposition sites. Removal of small trees is one of the 
main conservation practices in inland dunes (Siepel et al. 2010) and high levels of N 
deposition may make drift sand management therefore more expensive.

Grazing by sheep and deer occurs in most inland dunes and helps to preserve the 
diverse mosaic vegetation of lichen-rich vegetation and dwarf-shrubs in dry heath (van 
der Bilt & Nijland 1993).

Protection of lichen-rich vegetations

Lichen vegetation is usually rather old and, once gone, may take several decades to 
develop on freshly created bare sand surfaces. Currently existing lichen vegetation 
must therefore be carefully protected. They may act as a source population from which 
earlier succession stages can be colonized. Some lichen species, such as reindeer lichens 
and several small species without frequent fruiting bodies or fine soredia (e.g. Cladonia 
borealis, C. cervicornis, C. monomorpha, C. phyllophora, C. strepsilis and Stereocaulon 
condensatum) are supposed to have a limited dispersal capacity. They are able to 
colonize younger succession stages, but only within a short distance of an existing 
population. Observations showed that sites with a high density of potential vectors 
(e.g. sheep, deer and rabbit) usually have a more even distribution of those species, 
although this should be a subject for future study (Nijssen et al. 2011).

In general, the oldest lichens vegetations can be found in blowouts, which by their 
stable nature, become earlier vegetated than drift sand dunes. However, blowouts are 
also prone to transform to forest earlier. Species-rich vegetation on blowouts therefore 
require more management in terms of tree-removal and low-intensity grazing than 
drift sands, in which erosion plays an important role in slowing down the succession 
rate.

Disturbance and vegetation being blown-over by sand are promoted as management 
tools by some authors. Riksen et al. (2006) postulated that pioneer vegetation must 
be covered with sand regularly. This is not supported with data and contradictory to 
measurements of sedimentation in closed pioneer vegetation, which is almost zero 
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and primarily caused by local splash erosion instead of long-distance wind transport 
(Riksen & Goossens 2007). An exception must be made for plants of Corynephorus 
canescens and Polytrichum piliferum, which are more vital and have a better nutritional 
value for fauna species when they grow on a bare sand surface instead of a closed 
vegetation (Marshall 1965, Martínez & Maun 1999, Nijssen & Siepel 2010). 
Disturbance as a measure to promote the vitality of inland dune plants as suggested by 
Tschöpe & Tielbörger (2010) is likely to have an adverse effect, as disturbance results 
in litter and bare mineral soil rich in organic matter, which is the primary substrate 
for Campylopus introflexus. It can be concluded for the results in this thesis and 
other studies (Biermann & Daniëls 1997, Hasse & Daniëls 2006) that disturbance 
stimulates moss-encroachment, which may persist at least in sites with high nitrogen 
deposition. The use of tillage techniques in closed inland dune vegetation was also 
discouraged by Riksen & Goossens (2005) and Ketner-Oostra et al. (2008).

Post-Campylopus stages

There are only few studies on the development of a vegetation dominated by 
Campylopus introflexus and the possible measure to get a lichen-rich vegetation back 
in such sites. In some cases, mats of C. introflexus disintegrated after five to ten years 
(Daniëls et al. 2008) and transformed into a reindeer lichen dominated vegetation, in 
which most of the smaller lichen species are lacking. Other observations have shown 
that C. introflexus may be a forerunner of grass encroachment on drift sands developed 
on river dunes (Nijssen et al. 2011) or that the species thrives for a much longer 
period. Factors that might be of influence of the development of older C. introflexus 
mats are currently under investigation by the author.

Potential effects of N deposition reduction and resilience

Although restoration measures can preserve inland dunes by mitigating the enhanced 
succession rate caused by atmospheric deposition, they will have no or limited effects 
on soil acidification and changes in nutrient ratios and N availability caused by 
nitrogen deposition. Therefore, the ultimate way to restore N affected drift sands 
is to reduce N deposition. Levels of N deposition are currently decreasing and it is 
likely that the vegetation in inland dunes responds to this. N mineralization and 
plant-available nitrogen in the aboveground vegetation is likely to become lower when 
N deposition levels fall. Eventually, excess N in biomass could be completely lost, 
although this may take long, as N is efficiently recycled in acid habitats. Loss of N 
may result in less nitrification, less displacement and repletion of base cations and thus 
a higher soil pH (van Breemen et al. 1983). A lower availability of N will also have a 
direct effect on habitat quality. Settlement of pine trees will decrease and growth of 
grasses and Campylopus introflexus will be reduced in favour of lichens.
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Main conclusions
Previous studies were largely focused on descriptive, often sequential studies of plots 
and, if experimental, on the effects of classic management measures on vegetation 
composition through sequential observations on plots. Though providing interesting 
results, these studies did not lead to fundamental insight into the impacts of nitrogen 
deposition on the performance of the various major plant species and their mitigation. 
It is only through the combination of extensive field surveys, field experiments on 
the effects of N and P fertilization and survival of lichen and bryophyte fragments 
under low and high N deposition, and laboratory experiments on N mineralization 
and growth of Campylopus introflexus under different conditions, that more basic 
information on the functioning and management of pioneer vegetation in inland 
dunes could be obtained.

Bare sand and pioneer vegetation (chapter 2)

An analysis of a sequence of aerial photographs revealed that the area of bare sand in 
land dunes decreased with 50% over the period 1950-2007. Between 1981 and 2007, 
the decline was significantly higher than in the previous period. Although bare sand 
was converted into pioneer vegetation, the area of pioneer vegetation did not change 
as an equal area was transformed into forest. A field study showed that the succession 
rate was higher in blowouts than on drift sand dunes. In blowouts, effects of nitrogen 
deposition were visible as a relatively higher cover of heath and forest compared to 
pioneer vegetation. Also Campylopus-dominated vegetation occurred relatively more 
than lichen-dominated vegetation. It is expected that between 2035 and 2050 most 
bare sand has been lost if no restoration management is carried out. The area of bare 
sand created in the period 2000-2006 was just enough to compensate the loss of bare 
sand. This means that the area of bare sand and pioneer vegetation will remain more 
or less equal if restoration is performed at the same rate in future.

Soil and vegetation (chapter 3)

During succession, soil organic matter accumulates and the pH drops. During this 
process, the availability of base cations and nutrients increases. Nitrogen deposition 
causes soil acidification which leads to a lower pH, higher Al:Ca ratio and higher 
ammonium:nitrate ratio in the soil. Nitrogen deposition also leads to a lower species 
density of especially lichens, a higher cover of algae and more seedlings of Scots pine.

Nitrogen dynamics (chapter 4)

With the increase of organic matter during succession, the microbial biomass, 
microbial activity (respiration) and nitrogen mineralization increase. Nitrogen 
deposition caused a decrease in microbial biomass, higher net nitrogen mineralization 
and nitrogen availability and a higher microbial N:P ratio. An important part of 
N cycling took place in the ectorganic layer of lichens and especially Campylopus 
introflexus. When the succession sere started on sand that was already high in organic 
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matter content, e.g. after restoration measures where some topsoil or litter was left, 
presence of organic matter contributed more to nitrogen availability than differences 
in nitrogen deposition. This means that restoration measures must be performed 
carefully, removing all topsoil and leaving no litter, roots or wood chips.

Fertilization experiment (chapter 5)

When comparing two drift sands at low and high N deposition, the vegetation in the 
high-deposition site had taller grasses with a high N:P ratio and lower lichen cover. 
Experimental fertilization with ammonium nitrate caused higher N content and lower 
K, Mg, Ca and Na content in grasses. The grass:lichen ratio increased, mainly due to 
a decrease in lichen cover. The effect of N fertilization was larger in a site with low 
N deposition than in a high-deposition site. Phosphate addition caused an opposite 
effect, resulting in a lower grass:lichen ratio.

Cryptogams were P-limited in both sites, which can be concluded from the responses 
to N and P addition. Grasses were limited by N, P and K in the low N deposition 
site, but K+P-limited in the high-deposition site, or became so after experimental 
N addition. The shift from lichens to grasses indicates that N deposition leads to 
accelerated succession as grasses strongly contribute to soil development. 

Campylopus introflexus (chapter 6)

The invasive species Campylopus introflexus invaded most parts of The Netherlands, 
including all inland dunes, since its introduction in the 1960s. However, its growth 
and invasiveness in inland dunes depends on both soil organic matter content and 
nitrogen deposition. This species was especially dominant in sites with nitrogen 
deposition higher than 30-32 kg N ha-1 yr-1 or an average atmospheric ammonia 
concentration of 7 µg m-3. At low N deposition, survival of experimentally sown 
Campylopus introflexus fragments was very low, whereas nitrogen-sensitive lichens 
partially showed opposite results.
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