
15 Environmental Problems and Restoration
Measures in Coastal Dunes in The Netherlands
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15.1 Introduction

The more than 350-km-long coastal dune zone forms one of the last large
semi-natural areas in The Netherlands and is home to some 70 % of the plant
species occurring in this country, of which many are almost exclusive. The
vegetation consists to a large part of open, species-rich dune grasslands
belonging to the plant communities Phleo-Tortuletum, Anthyllido-Silenetum,
Taraxaco-Galietum, Festuco-Galietum and Violo-Corynephoretum (Schami-
nee et al. 1996). However, during the last decades grass-encroachment has
transformed the species-rich dune grasslands into monospecific stands of tall
grasses (Weeda et al. 1994; Kooijman and de Haan 1995; Fig. 15.1). While
increases in biomass and changes in species richness naturally occur in the
course of succession, the loss of species diversity seemed unnaturally high.
This was attributed, similar to other Dutch ecosystems (Aerts 1989; Bobbink
1989), to increased atmospheric deposition, which may amount to 30 kg N/ha
annually (Dopheide and Verstraten 1995). However, since the effect of high N
availability also depends on the availability of P, the ecosystem responses
appeared to differ between dune districts and successional stages with differ-
ent soil chemistry. The goal of this chapter is to give an overview of how grass-
encroachment could have developed in the lime-rich and lime-poor dune
areas of the Netherlands and which restoration measures are effective against
it. Both aspects were studied as part of the larger Dutch restoration program
‘Restoration plan forest and nature (OBN)’. Detailed methods and results are
given in Kooijman and de Haan (1995), van der Meulen et al. (1996), Veer
(1997, 1998), Veer and Kooijman (1997), Kooijman et al. (1998, 2000) and
Kooijman and Besse (2002).
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15.2 Differences Between Renodunaal and Wadden Districts

The Dutch dunes are separated into two different districts: the lime-poor
Wadden district in the north and the lime-rich Renodunaal district in the
south. Both districts are representative of European coastal dune areas north
and south of the Netherlands. Whereas in Chapter 6 (Grootjans et al.) the wet
dune slacks are treated, the present study concentrates on the dry dunes,
which comprise approximately 65 % of the total dune area.

The Renodunaal and Wadden district are distinguished on the basis of
their differences in initial lime content, but also because of the mineral com-
position of the sand. In the Renodunaal district initial lime content ranges
from 2–10 %, while in the Wadden district these values rarely exceed 1 %
(Eisma 1968). The Renodunaal district has approximately 15-fold higher
amounts of amorphic iron and aluminium (hydr)oxides than the Wadden dis-
trict (Eisma 1968; Kooijman et al. 1998).

Apart from differences between districts, successional stages are important
as well. In the lime-rich Renodunaal district three main soil types can be dis-
tinguished: (1) calcareous soils with high pH, (2) soils in which the topsoil has
become decalcified, but part of the root zone is still calcareous and (3) soils
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Fig. 15.1. The decrease in
species-rich dune grassland
from 1986 to 1992 in a 50 ha
ungrazed part of the Zwa-
nenwater area, Wadden dis-
trict. Data from Kooijman
and de Haan (1995)



decalcified to more than 1 m depth which have become acid. Because of the
low initial lime content in the Wadden district the calcareous and partly
decalcified soils are limited to a very small zone near the sea.

Several tall grass species are involved in grass-encroachment, each domi-
nating under particular conditions (Weeda et al. 1994). In the Renodunaal
district, Elytrichia atherica (Link) Carreras Mart. is a dominant species in
calcareous soils and Calamagrostis epigejos (L.) Roth in decalcified soils. In
the Wadden district, Ammophila arenaria (L.) Link is the main invading
species.

15.3 Impact of Availability of P on Biomass Production and
Successional Trends

15.3.1 Renodunaal District

In the lime- and iron-rich Renodunaal district plant biomass production
seems to be primarily regulated by the availability of P (Kooijman et al. 1998;
Kooijman and Besse 2002). Aboveground productivity, N-mineralization and
P-mineralization values showed a peak around pH 5 (Fig. 15.2). The corre-
spondence between N-mineralization and biomass production is not surpris-
ing, since these two factors can be closely coupled (e.g., Veer 1997; Neitzke
1998), but the peak at a particular pH is more difficult to explain. At high pH
mineral N mainly occurs as nitrate and at low pH as ammonium, but both are
highly soluble at all pH values.

The productivity peak at pH 5 corresponds very well, however, with the
chemical behaviour of phosphate (Lindsay and Moreno 1966). In calcareous
soils with pH>6.5 P-availability is low due to fixation in calcium phosphates,
which is shown by the negative ‘mineralization’ values. In partly decalcified
soils with pH 5 calcium phosphates have dissolved and become available to
plant roots. This is indicated by the decrease in mineral-P from calcareous to
partly decalcified soils (Kooijman et al. 1998), but especially by the high P-
’mineralization’ (Fig. 15.2). In decalcified soils P-availability is low again due
to the chemical fixation in iron and aluminium phosphates.

This suggests that the biomass production in the Renodunaal district is
primarily regulated by the P-availability. The peak in N-mineralization at pH
5 may be explained as a response to the increase in biomass production (and
litter production) allowed by the higher P-availability. This increase in natural
fertility corresponds with the large-scale formation of shrubland especially in
this dune zone (e.g., Westhoff et al. 1970; Doing 1988). It also suggests that in
this zone species-rich dune grasslands may not be a permanent stage, but be
maintained only when the vegetation is kept short by grazers.
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Fig. 15.2. Biomass production and
nutrient availability in coastal dune
grasslands over a pH-gradient in the
Renodunaal district. A Aboveground
biomass production (g m–2) in July
measured in exclosures (r=0.61), B in
situ N-mineralization (g m–2) mea-
sured over the period
April–October(r=0.61) and C in situ
P-mineralization (mg m–2) over the
same period (r=0.56). Data are
derived from Kooijman and Besse
(2002). All three correlations are sig-
nificant (p<0.05)



Regulation of plant biomass production by the availability of P suggests
that the Renodunaal district is not very sensitive to atmospheric deposition of
N. However, increased atmospheric deposition is probably a very important
factor when both acid and nitrogen deposition are taken into account. Acid
deposition leads to increased decalcification and dissolution of calcium phos-
phates, whereas nitrogen deposition simultaneously increases N-availability.
The higher availability of both nutrients stimulates biomass production. This
in turn not only increases internal acidification of the soil through root
exchange processes and higher litter decomposition, but also increases N-
mineralization, thus further stimulating plant productivity. This implies that
increased atmospheric deposition may not change the direction, but never-
theless accelerates succession from calcareous to decalcified dunes. Because
many characteristic plant and animal species prefer open calcareous dune
grasslands, this is a problem for nature conservation.

15.3.2 Wadden District

Although in a different way, the availability of P is also a key-factor in regulat-
ing biomass production and response to atmospheric deposition in the Wad-
den district (Kooijman et al. 1998; Kooijman and Besse 2002). Foliar N/P
ratios, which are 11 for both open dune grassland and tall grass vegetation,
suggest that the vegetation is limited by N instead of P (Koerselman and
Meuleman 1996). This is also illustrated by the P-mineralization rates, which
are about ten times higher than the values in the (equally acid) decalcified
soils of the Renodunaal district. This can be partly ascribed to the very low
levels of inorganic iron and aluminium (hydr)oxides. As a result, chemical P-
fixation in iron and aluminium phosphates is limited. Instead, phosphate is
basically bound to iron and aluminium-organic matter complexes, which are
much more reversible bindings (Scheffer 1982). The high P-availability
implies that the ecosystem is relatively N-limited and sensitive to atmospheric
N-deposition.

15.4 Mineralization of Nitrogen

15.4.1 Impact of Litter Production

Cycling of N seems to be more rapid in the Wadden district: N-mineralization
rates were two to four times higher than in the Renodunaal district. In theory,
this can be attributed to a number of factors. N-mineralization may be regu-
lated by the input of litter. In the Wadden district the relationship between N
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in biomass and N-mineralization appeared to be very strong indeed
(Fig. 15.3). However, the amount of N in litter cannot explain the higher N-
mineralization compared to the Renodunaal district, since this was about the
same in both districts.

Rates of N-mineralization have been reported to increase over a succes-
sional dune gradient, due to the accumulation of soil organic matter and the
development of a N-cycle in the soil (Gerlach et al. 1994). However, this can-
not explain the higher N-mineralization values in the Wadden district, since
soil organic matter contents were about the same in both districts. N-miner-
alization may also increase with increased atmospheric deposition (Sjöberg
and Persson 1998). However, this cannot explain the higher N-mineralization
values in the Wadden district, because atmospheric N-deposition is lower
instead of higher than in the Renodunaal district (Dopheide and Verstraten
1995).
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Fig. 15.3. Relationship between N in the living
aboveground vegetation (g m–2) in exclosures as
indicator for plant performance and in situ N-
mineralization over the period April–October
(g m–2) in coastal dune grasslands. A Wadden
district with Ammophila arenaria (r=0.91);
B calcareous soils in Renodunaal district with
Elytrichia atherica (r=0.45). Data derived from
Kooijman and Besse (2002). * Significant corre-
lation (p<0.05)



15.4.2 Impact of Litter Decomposition

The key to the high N-mineralization rates in the Wadden district seems to lie
in the mechanism of litter decomposition, although in a different way than
usually assumed. In the ‘common wisdom’ low decomposition leads to low N-
mineralization rates and vice versa (Swift et al. 1979, Lambers et al. 1998,Aerts
and Chapin 2000). The reasoning behind this is that a high biological activity
leads to a rapid turnover of carbon, and as such of nutrients. Also, differences
in C/N ratio between litter and micro-organisms are smaller in highly degrad-
able litter with high N-concentrations, which supposedly means that micro-
bial N-need is satisfied earlier in the breakdown process and net N-mineral-
ization rates are higher.

However, in the coastal dunes the relationship between litter decomposi-
tion and N-mineralization seems to be negative instead of, as expected, posi-
tive (Kooijman and Besse 2002). The lowest values for litter decomposition
and highest for N-mineralization were found in the Wadden district, while the
Renodunaal district showed the opposite (Fig. 15.4). The combination of low
decomposition and high N-mineralization and vice versa does not seem to be
unique for the Dutch coastal dunes, but has been reported from calcareous-
acid fens as well (Verhoeven et al. 1988, 1990). Also, N-mineralization
appeared to be four times higher in acid than in calcareous beech forests
(Davy and Taylor 1974).

The above suggests that acid soils with low-degradable litter are character-
ized by a high instead of low N-availability to the vegetation. This may be due
to a lower microbial N-demand because of the lower overall biological activ-
ity, but also because in low-degradable litter the C-limitation stage is reached
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Fig. 15.4. Litter break-
down and N-mineraliza-
tion in coastal dune
grasslands dominated by
tall grasses. A Weight loss
after 1 year (%); B N-
mineralization in the
period April–October
(g m–2). Mean values
(n=12 for Renodunaal
and n=4 for Wadden dis-
trict) and standard devia-
tions. Data derived from
Kooijman and Besse
(2002). * Significant dif-
ferences between dune
districts



at higher C/N ratios (Berg and Ekbohm 1983; Berg and McClaugherty 1987),
i.e., earlier in the decomposition process. In addition, microbial C/N ratios are
higher (and N-demand lower) in soils unfavourable for decomposition (Has-
sink 1994; Hassink et al. 1993). A relatively large attribution of N to the vege-
tation instead of soil microbes may also explain the strong relationship
between litter input and N-mineralization for A. arenaria, as opposed to the
weak one for E. atherica (Fig. 15.3).

15.5 Role of Ammophila arenaria in the Wadden District

Grass encroachment, once started, follows its course driven by positive feed-
back mechanisms (Veer and Kooijman 1997). The large aboveground biomass
of tall grasses increases root biomass and nutrient uptake capacity. The large
biomass also increases litter input and therefore N-mineralization and nutri-
ent availability. Both factors lead to enhanced nutrient uptake and even higher
biomass production. The effect on smaller species in the vegetation is obvi-
ous: strongly reduced light availability and poor survival.

In the Wadden district these feedback mechanisms are aggravated by spe-
cific characteristics of A. arenaria. This species has low foliar N-levels and a
high Nutrient Use Efficiency (Pavlik 1983), which means a relatively low N-
need per unit biomass and thus a high biomass production. Its low N and high
C content also lead to low-degradable leaves.As a result dead material stays on
the plant for a relatively long time, thus further reducing light availability to
smaller species. The low-degradable litter also seems to lead to a low micro-
bial N-demand and a relatively high N-availability to plants.While in the Ren-
odunaal district annual N-mineralization was estimated to be 1–5 % of total
soil N, in the Ammophila-dominated plots in the Wadden district this
amounted to 18 % (Kooijman et al. 2000).

In the Wadden district biomass production could already be high due to
the relatively high P-availability and the response to increased atmospheric
N-deposition. The low N-demand per unit biomass and the efficient recycling
of N in the soil further contribute to the explosion of A. arenaria throughout
most of the Wadden district.

15.6 Restoration

The effects of atmospheric deposition, grass-encroachment and enhanced
succession may be counteracted by management practices. One way to
accomplish this is directed towards removing aboveground biomass, e.g., by
annual mowing and grazing by cattle. The second way is to develop new sub-
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strates, in order to set back succession of vegetation and soil, e.g. by sod-cut-
ting and the stimulation of aeolian activity. Methods and results are briefly
discussed below; the details are given in van der Meulen et al. (1996), Veer
(1997, 1998) and Kooijman et al. (2000).

15.6.1 Effect of Grazing and Annual Mowing

A comparison of four Dutch coastal dune areas where mowing was applied
for seven years and nine which were grazed by cattle for five years or more
suggests that both measures are effective to counteract grass-encroachment
(Fig. 15.5). Mean aboveground biomass was significantly reduced at all sites
where mowing or grazing was applied. Available light at the soil surface was
3–5 % of full sunlight in the untreated tall-grass vegetation and increased sig-
nificantly after mowing or grazing. Both measures increased species richness
per square metre.
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Fig. 15.5. Effect of
annual mowing
and grazing by
cattle on above-
ground biomass
(g m–2), light
availability (% full
daylight) and
species number
(mean number of
plant species m–2)
in coastal dune
grasslands domi-
nated by tall
grasses. Data
derived from
Kooijman et al.
(2000). Mean val-
ues (n=4 for
mowing and n=9
grazing) and stan-
dard deviations. *
Significantly dif-
ferent from the
associated control
treatment
(p<0.05)



The reduction in aboveground biomass thus clearly leads to improved con-
ditions for small species in the understorey. However, for long-term ecosys-
tem functioning and the development of management plans it is important to
know whether this is only due to the temporary removal of biomass, or also
due to a reduction in productivity as a result of reduced litter input. The latter
would especially harm tall grasses, which have a higher nutrient demand
(Veer and Kooijman 1997). Reduced input of litter and as such of nutrients to
the soil would theoretically lead to a reduction in N-mineralization and bio-
mass production. In this way competition between tall grasses and smaller
herbs would change from light to nutrients (Olff and Ritchie 1998).

A reduction in N-mineralization and aboveground biomass production by
grazing was indeed detected in the Wadden district (Fig. 15.6). Also, the area
of tall-grass vegetation decreased in favour of species-rich dune grassland
(ten Haaf 1999a). In the Renodunaal district, however, N-mineralization was
only affected in decalcified soil and biomass production not at all. Also, the
area of tall-grass vegetation did not decrease and development of shrubland
continued despite the grazing regime in calcareous and partly decalcified
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Fig. 15.6. The effect of
grazing on nutrient
availability and pro-
ductivity in coastal
dune grasslands dom-
inated by tall grasses.
A N-mineralization
(NO3+NH4) from
April–October (g m–2)
and B biomass pro-
duction in July
(g m–2). RC Ren-
odunaal district, cal-
careous soils; RP Ren-
odunaal district,
partially decalcified
soils; RD Renodunaal
district, soils decalci-
fied to more than 1 m;
W Wadden district.
Data derived from
Kooijman et al. (2000).
Mean values (n=4)
and standard devia-
tions. * Significantly
lower values in grazed
plots (p<0.05)



dune zones (ten Haaf 1999b; Everts et al. 2000). Annual mowing, which was
only studied in the Renodunaal district, did also not lead to changes in nutri-
ent availability in calcareous and partly decalcified soils. In a decalcified site
with high P-availability due to former agricultural practices, however, the
mown treatment strongly indicated N-limitation. The above suggests that
acid soils with low-degradable litter respond more strongly to management
practices than calcareous soils.

While annual mowing and grazing by cattle are primarily applied to coun-
teract grass-encroachment, they may reduce succession in calcareous and
partly decalcified soils, because soil acidification is higher in highly produc-
tive systems. Over a seven year-period soil pH values had decreased in the
tall-grass control treatments with 0.5–1 in calcareous and partially decalcified
soisl respectively, but were about the same as before in the mown treatments.
This suggests that removal of aboveground biomass retards soil acidification
and further succession at least to some degree.

15.6.2 Effect of Sod-Cutting

Sod-cutting naturally leads to a decrease in soil organic matter and nutrient
stocks and an increase in soil pH. It also led to a decrease in nutrient avail-
ability and biomass production. After seven years vegetation cover was still
below 100 %, mean light availability at the soil surface (41 %) was higher than
in the tall-grass control treatments (3 %) and the total number of species had
increased from 27 to 42 (Fig. 15.7). However, not all results were positive. In
the calcareous soils the establishment of the shrub Hippophae rhamnoides L.
may give rise to the development of shrubland instead of dune grasslands. In
the partly decalcified soil calcicole species, which were still present in the
grass-dominated control treatments, did not re-establish. Thus, because of
these potentially unfavourable side effects, sod-cutting should be applied with
some care.
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Fig. 15.7. Effect of sod-cutting on total
species number in dune grasslands. Tall
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used as reference vegetation. Data
derived from Kooijman et al. (2000).
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differences (p<0.05)



15.6.3 Effect of Increased Aeolian Activity

Until very recently, blow-outs in coastal dunes were stabilized as much as pos-
sible and since the 1950s the area of aeolian dynamic dunes have strongly
decreased. During the last decades nature management organisations, how-
ever, began to realize that the loss of aeolian dynamics and lack of rejuvena-
tion may be a loss for the dune ecosystem as a whole.

Monitoring of blow-outs over the past twenty years suggests that they do
not expand very rapidly, which is in line with van der Meulen and Jungerius
(1989). Two dune areas in the Renodunaal district where fixation practices
were abandoned around 1980 showed an increase in aeolian activity from
1980 to1990, indicated by the increase in bare sand area from 3–6 % in one and
from 7–12 % in the other location (Kooijman et al. 2000). However, in the fol-
lowing decade aeolian activity decreased again. These changes were ascribed
to some large storms in the first period and wet years in the second. Blow-outs
reactivated by buldozers showed some expansion in surface area over a seven
year period in the Renodunaal district, but in the Wadden district the area of
bare sand also strongly decreased.

Thus, on a landscape scale expansion of blow-outs seems to be limited. This
may be partly due to increased atmospheric N-deposition. Natural stabiliza-
tion of blow-outs occurs through algae (Pluis 1993), which need water and
nutrients to grow. Early successional stages appeared to be N-limited in both
the Wadden and Renodunaal district, as indicated by the foliar N/P ratios
ranging from 9–11. This suggests that increased N-input results in enhanced
growth of algae and blow-out stabilization.

Although aeolian activity clearly leads to an increase in pioneer vegetation,
it does not seem to arrest grass-encroachment. Nineteen years after succes-
sion started in a Renodunaal district site the vegetation still consisted of (tall)
pioneer vegetation. It is not known how long it takes for dune grassland to
develop, but these results suggest that it requires much more than twenty
years. Also, in a second site the area of species-rich dune grassland decreased
from close to 50 % in 1979 to less than 20 % in 1997, due to burial by sand or
continuing grass (and shrub) encroachment. A particular problem in the
Wadden district may be that aeolian activity especially favours Ammophila
arenaria, which is the main species in the grass-encroachment process.

Despite the (short-term) negative effects on the areas of species-rich dune
grasslands, aeolian activity seems to be a very effective measure against
enhanced acidification of the soil and thus vegetation succession (Table 15.1).
In all areas, values in pioneer vegetation were higher than pH 7. Even in the
control vegetation further away, which was supposedly outside the direct
reach of the blow-outs, pH values were (much) higher than in comparable
dune zones. In dune zones decalcified to some depth, blow-out development
may bring calcareous sand to the surface, which is hardly possible with sod-
cutting.
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Aeolian activity also leads to changes in nutrient availability. As said, the
pioneer stages are clearly N-limited. This may be due to the low organic mat-
ter content and low litter input, as well as the high pH, which all contribute to
low N-mineralization. However, the high pH also leads to low P-availability,
which suggests that biomass productivity will be limited for some time, prob-
ably until values have dropped below pH 6.5. This may mean that, in spite of
the negative short-term effects on the areas of species-rich dune grasslands,
the long-term prospects are much better.

15.7 Concluding Remarks

The results are based on dunes in a small country, but they suggest that the
availability of nutrients and sensitivity to increased N-deposition is regulated
by more general factors such as lime and iron contents in the soil. This implies
that the mechanisms behind grass-encroachment have a wider application.
There are unfortunately no data on N and P-availability and soil chemistry in
other European dune areas to confirm this, but some indirect indications and
personal observations are in line. Grass-encroachment has not (yet) been
reported from the calcareous dunes in England, possibly due to a low avail-
ability of N and P at high pH. The northern part of the dunes in Denmark is
low-productive, possibly due to a combination of low pH and high iron levels
and thus low P-availability. However, on the Wadden isles of Germany and
Denmark with soils low in lime and iron grass-encroachment is becoming a
serious problem.
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Table 15.1. Differences in pH between coastal dune grasslands with different aeolian
activity in Renodunaal district (R) and Wadden district. Data derived from Kooijman et
al. (2000). Mean values (n=4) and standard deviations. Different letters indicate signifi-
cant differences within a column (p<0.05)

R-calcareous R-partly  R-decalcified Wadden 
soils decalcified soils district

soils

Pioneer vegetation 8.3 (0.3) b 7.9 (0.2) c 8.4 (0.3) c 7.6 (0.5) c
in blow outs

Reference vegetation  7.8 (0.1) a 7.5 (0.8) b 7.8 (0.3) b 6.6 (1.2) b
in surroundings
of blow outs

Reference vegetation 7.4 (0.3) a 5.0 (0.5) a 4.1 (0.1) a 4.2 (0.3) a
in the same dune zone



This study suggests that in (initially) lime- and iron-rich soils plant pro-
ductivity can be limited by P-fixation at high and low pH. The ecosystem
seems less responsive to N, which may mainly be a secondary factor respond-
ing to the productivity allowed by P. Management practices can affect light
availability and increase chances for survival of small species, but hardly seem
to alter nutrient availability and biomass production. Increased atmospheric
deposition seems to be a problem mainly because of the simultaneous impact
on both N and P, leading to more rapid succession of soil and vegetation. Stim-
ulation of aeolian activity may be the best way to counteract this.

In lime- and iron-poor soils P does not seem to be a limiting factor, because
of the absence of P-fixation. These ecosystems may instead strongly respond
to increases in N-availability. This is aggravated by the strong relationship
between litter input, N-mineralization and plant productivity, due to low rates
of decomposition and thus low microbial N-demand and high N-mineraliza-
tion per unit litter input. However, the strong relationship between litter input
and N-mineralization also means that the ecosystem is sensitive to manage-
ment practices. Removal of biomass not only leads to improved light condi-
tions to small species, but also to lower nutrient availability and productivity,
which are important responses in the longer term.
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