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Abstract Coastal dunes in Northwestern Europe were
subject to substantial scrub expansion during the past
decades, a process often considered as a major problem
for conservation management. This paper explores this
process in De Westhoek nature reserve (Belgium), fo-
cussing on the three major constituents of the early
scrub: Salix repens, Hippophae rhamnoides and
Ligustrum vulgare. We study changes in dominance
pattern between 1953 and 2010 based on vegetation
maps and the demography of these species based on
growth ring counting. We relate this data to the edaphic
factors soil moisture and soil age.

Early scrub development occurred in three phases:
(1) rapid, mainly secondary scrub expansion after re-
lease of grazing pressure, (2) a main shift in relative
abundance of the three main species, and (3) further
succession into tall scrub and woodland along with local
scrub decay.

Edaphic factors play a major role in vegetation dy-
namics, but their relative importance diminishes along
with landscape ageing. Simultaneously, the outcome of
competitive interaction between scrub species, in which
population demography plays a key role, gains impor-
tance. Primary and secondary scrub development seem
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to converge in terms of dominance patterns of S. repens,
H. rhamnoides and L. vulgare. Spontaneous decay of
mainly L. vulgare offers an opportunity for dune man-
agers for the restoration of herbaceous dune vegetation
with high conservation value.
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Introduction

In Northwestern Europe, the cover of scrub in coastal
dune vegetation substantially increased during the last
century (Van der Maarel et al. 1985a; Provoost et al.
2011; Hodgkin 1984; Petit-Berghem 2004; Decuyper
et al. 2020). Scrub has an important nature conservation
value, mainly as a structural element in animal habitats
(Mortimer et al. 2000). This value is appreciated within
the European Habitats Directive, where two different
types of coastal dune scrub are recognized and
protected: type 2160 — ‘Dunes with Hippophae
rhamnoides’ and type 2170 — ‘Dunes with Salix repens
ssp. argentea’ (European Commission 2007).

From a management perspective, however, dune
scrub is often seen as a problem rather than a valuable
habitat. Scrub encroaches herbaceous vegetation,
resulting in the decline of habitats with high conserva-
tion value (Richards and Burningham 2011; Binggeli
et al. 1992; Isermann et al. 2007). Therefore, preserva-
tion of the priority habitat type 2130 — fixed coastal
dunes with herbaceous vegetation or 2190 — humid dune
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slack is mostly given priority at the expense of scrub
habitat types 2160 and 2170 (Houston 2008a, 2008b),
also within De Westhoek nature reserve (Cosyns et al.
2013). The focus on removal may explain why relative-
ly little is published on the ecology and vegetation
dynamics of coastal scrub in Northwestern Europe
(Provoost et al. 2011). However, this information is
important for a better understanding of the entire dune
vegetation dynamics and can contribute to a more effi-
cient management (Leten et al. 2005). The main chal-
lenge in this respect is attaining an optimal alignment of
mechanical scrub removal with natural vegetation dy-
namics in order to minimize management costs and
optimize biodiversity gains.

Vegetation dynamics are typically related to climate,
edaphic factors and internal dynamics (Glenn-Lewin
et al. 1992). Considering the limited time frame, we
only consider the latter two in this study. First, the
spatial extent of different vegetation types is related to
the distribution of the main edaphic factors. However,
soil and vegetation patterns also depend on temporal
dynamics; the spatial and temporal components of veg-
etation dynamics are not independent of each other. In
this respect, the historical context of the landscape is
crucial (Benjamin et al. 2005; Dutoit and Alard 1995).
Scrub expansion on coastal dunes in Northwestern Eu-
rope is a typical example of vegetation development
after abandonment of low-intensity grazing in semi
natural habitats and a strong decrease in rabbit density
caused by an outbreak of myxomatosis followed by
VHR (Prévosto et al. 2011; Poschlod et al. 2005). How-
ever, in most dune systems, scrub expansion cannot be
regarded as merely secondary succession (Glenn-Lewin
et al. 1992; Mortimer et al. 2000). On former mobile
dunes and in pioneer dune slacks, scrub develop starts
from bare, mineral soil and follows a primary succession
series (OIff et al. 1993; Lichter 2000). This means that
scrub succession must be viewed in the context of both
succession types and associated successional pathways
and changes in soil properties.

A second aspect of vegetation dynamics, the internal
vegetation dynamics, is strongly related to the demogra-
phy of dominant species and lifespan of the entire scrub
community (Oliver and Larson 1996; Curt et al. 2003;
Magda et al. 2009; Good et al. 1990; Hudjetz et al. 2014).
Van der Maarel et al. (1985b) investigated the demogra-
phy of a number of woody species on the dunes of Voorne
(the Netherlands), focussing on late-successional long-
lived scrub and trees. However, similar information on
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the short-lived (roughly < 50 years) protagonists of early
scrub development, namely Hippophae rhamnoides,
Salix repens and Ligustrum vulgare, is lacking, although
these species are currently major constituents of calcare-
ous dune scrub in Northwestern Europe. Moreover, the
carly stages are important because they may determine
vegetation development, vegetation pattern and species
composition of mid- and late-successional stages.

This study wants to contribute to the knowledge
on early scrub development on Northwestern Euro-
pean coastal dunes by tackling the following ques-
tions: (1) Can different phases of scrub development
be distinguished according to the dominance pattern
of the three main short-lived shrub species consid-
ered? (2) Can these patterns be related to soil devel-
opment and moisture on the one hand and demog-
raphy of the dominant species on the other? and (3)
Is there a difference between primary and secondary
scrub development?

We hypothesize that both edaphic and demographi-
cal factors play an important part in scrub dynamics,
with different mechanisms prevailing in primary versus
secondary development.

Material and methods
Study area

The field work for this study was carried out in De
Westhoek nature reserve, the westernmost dune site
along the Belgian coast, adjacent to the French border
(2°35" E — 51°5" N, Fig. 1). The site got protected as a
nature reserve in 1957 and was designated as a Habitats
Directive Special Area of Conservation in 1996. Its
surface area is 342 ha. Geologically it belongs to the
Flemish dunes, which stretch from the Aa estuary in
northern France to the IJzer estuary in Belgium. Most of
this dune belt is young and still highly calcareous.
Most of the Belgian dunes were used for livestock
grazing until the beginning of the twentieth century. In
De Westhoek, grazing largely stopped around World
War 2. Only a small part in the southwest was grazed
until the 1960s (Provoost and Leten 2012). For several
decades, site management concentrated on restriction of
accessibility. Between 1997 and 2000, however, rather
large-scale nature restoration measures were taken, in-
cluding the removal of 26 ha of scrub and woodland in
favour of dune grassland (EU habitat type 2130) and
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herbaceous dune slack vegetation (2190). Domestic
grazers were re-introduced to preserve these habitats.
Mainly Shetland ponies, Konik horses and Highland
cattle are used, and grazing density fluctuates around
one animal per five hectares (Leten et al. 2005;
Galatowitsch 2012). Management targets for scrub
mainly focus on preservation of the surface area.

Vegetation mapping

A detailed vegetation map based on field work was
made in 2010. A true colour orthophoto (2008) with
0.3 meter pixels was used as a geographical reference.
Maps of historical vegetation structure were derived
from stereoscopic interpretations of aerial photo-
graphs. Three series of images on scale 1/5,000 were
used: (1) panchromatic photos from 15 September
1953, (2) panchromatic photos from 20 August 1974
(both from the archives of the Flemish Ministry of
Public Works), and (3) false colour-near infrared dia-
positives from 14 July 1989 (Eurosense, commissioned
by the Flemish Government). All analogue imagery
was scanned and georeferenced. Although the image
quality differs considerably, four basic vegetation
structural classes can be distinguished accurately on
all photographs: bare sand, herbaceous vegetation,
scrub and woodland. On the 1953 images, only low
scrub appears. The image quality does notallow further
discrimination of this low vegetation into different
dominance types. On the more recent images taller
scrub appears. It can be subdivided according to Salix
repens, Hippophae rhamnoides and/or Ligustrum

North Sea

~

Fig.1 Location of De Westhoek Nature reserve (2°35' E—51°5'N)

vulgare dominance, based on differences in vegetation
height (through stereoscopic view), image tone, texture
and on the 1989 image also colour. The vegetation map
of D'Hondt(1981) and aerialimages of 1917 (Royal Air
Force, Documentation Centre for World War 1, Brus-
sels), 1948 and 1968 (Belgian National Geographical
Institute) were used as auxiliary information for vege-
tation mapping and determination of soil age. ArcGIS
10 was used for image georeferencing, digitizing of
vegetation polygons and analysis of vegetation maps.

Soil/scrub age and groundwater level

Soil age, scrub age and soil moisture data were added
as layers in a GIS environment. The soil and scrub age
maps were derived from an overlay of the vegetation
maps, resulting in five discrete classes. Soil age is
defined here as the timespan since the onset of vege-
tation development, as deduced from the aerial pho-
tographs. Similarly, scrub age is expressed as the
timespan since the first scrub appeared on a certain
location. Phreatic groundwater levels are measured
within the entire site since 1999. We created a map
of the average spring (15 March — 15 April) ground-
water level through interpolation of average levels in
a 101 piezometer installed at the site. We used the
mean of the spring levels within the period 2014-2018
because this was an average period in hydrological
terms for which a maximum of data was available
(Provoost et al. 2020).

Focal species

The focal species in this study are Salix repens, Hippophae
rhamnoides and Ligustrum vulgare because the early
stages of scrub in the area were almost exclusively com-
posed of these species (Provoost and Leten 2012).

Salix repens growing in Western European dune
slacks is treated as S. repens L. var. argentea (Sm.)
Wimm. and Grab., synonymous with S. repens subsp.
argentea, S. repens subsp. arenaria and S. arenaria
(Stace et al. 2005). It is a low willow, attaining about 2
min height at most, butits height highly depends on the
landscape position. At the study site, the characteristic
height of S. repens-dominated scrub is 1.1-1.2 m.
Individuals growing between taller scrub species such
as H. rhamnoides attain heights up to 2.2 m, while more
exposed S. repens patches only reach 30 cm to 1 m
(personal observations). Salix repens is found in cold
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and temperate parts of Eurasia and grows in nutrient-
poor, moist habitats on different soil types (Tutin et al.
1964; Weeda et al. 1985). On Belgian coastal dunes,
germination is largely restricted to newly formed dune
slacks where S. repens is amongst the first colonizers.
Very rarely, plants newly establish on north slopes
(personal observations). Abundant arbuscular mycor-
rhiza as well as ectomycorrhiza are an aid to survive in
nutrient-poor environments (Van der Heijden 2001).
Once established, S. repens vegetatively propagates
with subterranean or creeping stems and through this
mechanism it is well adapted to sand burial. This ex-
plains why it can also be found on dune ridges high
above the groundwater table or in dune grassland. Salix
repens is wind- (or insect-) pollinated and dispersed,
and is therefore a good colonizer (Vroege and
Stelleman 1990). As a pioneer species it is only mod-
erately shade-tolerant (Weeda et al. 1985).

Hippophae rhamnoides L. is a thorny, deciduous
and dioecous shrub, naturally occurring from the
Himalayas, through the Black Sea area to the coasts of
Western Europe but widely naturalized outside this area.
Several genetically distinct subspecies can be distin-
guished, revealing an Asiatic origin followed by a west-
ward expansion and further speciation (Jia et al. 2012).
Within Central and Western Europe, three subspecies
are recognized: fluviatilis and carpatica, occurring
along mountain rivers, and the coastal subspecies
rhamnoides. The latter is not found south of the 10°C
January isotherm (northwest Spain) because low tem-
peratures are required prior to seed germination
(Pearson and Rogers 1962). To the north, it is found
up to 68°N in Norway (Stewart and Pearson 1967). The
temperature-dependent limitation of seed germination,
combined with its preference for calcareous soils, results
in an actual core distribution of subspecies Hippophae
from Normandy in northern France up to Bergen in the
Netherlands, north of which soil lime content is signif-
icantly lower (Rozema et al. 1985) and abundance of
Hippophae is lower. During the late glacial and early
postglacial, H. rhamnoides was widespread on the well
buffered mineral soils, but it retreated in mountainous
habitats and along the coasts during the Holocene refor-
estation (Bartish et al. 2006).

According to Stewart and Pearson (1967), the height
of H. rhamnoides ranges between one and nine metres.
At the study site, however, the characteristic height is
one to three metres, with occasionally larger plants of up
to about four metres (personal observations). Rogers
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(1961) reports a rapid vegetative growth with rhizome
like roots growing up to two metres per year. Hippophae
rhamnoides is also successfully reproducing in a gener-
ative way. Its fleshy berries are consumed and
transported by birds and seed viability reaches 95 to
100% (Stewart and Pearson 1967).

Zoon (1995) reported that on Dutch dunes individual
shoots were rarely older than 25 years. However, on the
Wadden Sea Island of Ameland, Decuyper et al. (2020)
occasionally sampled individual ramets older than 40
with a maximum of 56 years. Skogen (1972) even found
80 year old ramets along the fjord of Trondheim in
Norway, suggesting maximum age strongly depends
on habitat type or climate.

Hippophae is found in a relatively wide range of
dune landscape types (Weeda et al. 1987; Meltzer
1941). The capacity of H. rhamnoides to grow in
nutrient-poor soils is attributed to its nitrogen fixat-
ing ability (Stewart and Pearson 1967; Troelstra
et al. 1987) and vesicular-arbuscular mycorrhiza
(Gardner et al. 1984). Mature Hippophae is shade-
intolerant and soon dies if overgrown by trees or
large shrubs. Also seedling growth is suppressed
when shaded (Pearson and Rogers 1962).

Ligustrum vulgare L. is a deciduous to semi-
evergreen shrub, native to Central and Southern Europe
and North Africa but widely naturalized in other tem-
perate parts of the world. According to Tutin et al.
(1964), Ligustrum can attain a height of up to 5 m.
However, in our study area within the scrub it reaches
a typical height of 1 to 3 m (personal observations).
Ligustrum grows on a variety of mostly calcareous soil
types. It is found in scrub but also in the understory of
deciduous woodland (Tutin et al. 1964—1980, Zhao
et al. 2013). Vegetative spread occurs through root
suckers and stem layers but is relatively limited. The
species is easily distributed over long distances by
fructivorous birds and pollination is entomophilous.
Ligustrum is moderately tolerant to sand burial
(Weeda et al. 1988).

Autecological and edaphic data

Field measurements were carried out in De Westhoek
nature reserve in order to determine the lifespan, inun-
dation tolerance and preference for soil age of the three
focal species. Lifespan, regardless of recruitment date,
was obtained through growth ring counting on basal
stem fragments of dead ramets (= a single stem shoot
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of an individual). Randomly selected stems of
H. rhamnoides (n = 134), L. vulgare (n = 57) and
S. repens (n = 56) were cut and collected in 2002 and
2014. They were taken to the lab and polished before
counting the growth rings.

Furthermore, 1,213 randomly distributed growing
locations of the focal species were measured in 2014
using cm-accurate GPS. The points were overlaid with
the GIS layers in order to obtain figures on soil age and
groundwater level below the surface for each location.

The preference of a species for a certain soil age class
is expressed as the relative number of individuals of that
species within a certain age class, divided by the relative
portion of the surface area of that age class within the
entire site.

Scrub age plots

Age composition of the different species within actual
scrub stands was investigated in 14 plots of 8 by 8 m?,
scattered throughout the site (Fig. 2, 2010 map). The
plots were stratified according to soil age and avoided
site margins as well as woodland areas. Within these
plots, every single shrub ramet was cut and a basal stem
sample was taken to the lab for age determination
through visual growth ring counting. The rare missing
age values due to partial decay of Hippophae or
Ligustrum stem cores were estimated using a stem di-
ameter versus age linear regression. The relative repre-
sentation of age classes per species gives an idea of the
potential outcome of interspecific competition. Howev-
er, in a synchronic approach the demographic composi-
tion is biased by lifespan because of the disappearance
of short lived individuals.

The position of the plots was measured with a cm-
accurate GPS device. Soil and scrub age were deter-
mined through GIS overlay of the coordinates with the
soil and scrub age maps. Field work for this part of the
study was carried out in the summer of 2002. Statistical
tests were carried out in RStudio version 1.3.1073.

Results
Overall vegetation change
Aerial photo interpretation reveals two main landscape

trends at the site during the second half of the twentieth
century (Fig. 2). The first trend is dune fixation

(decrease of bare sand), and the second one is the
expansion of scrub and woodland. The most substantial
increase in scrub cover, from 25 to 48% of the area,
occurred within the first time interval 1953-1974. Be-
tween 1974 and 1989, there was little change in the
balance between bare sand, herbaceous vegetation,
scrub and woodland. However, there was a marked
change in the composition of the scrub, with a clear
increase of Hippophae and Ligustrum at the expense of
Salix repens. Between 1989 and 2010 scrub cover only
increased with 0.9%. The increase would have been
5.1% without the artificial scrub clearing. Between
1997 and 2000, 26 ha of tree plantations and (largely
Ligustrum) scrub were removed as a nature restoration
measure. The cleared area mostly developed into herba-
ceous vegetation and low S. repens scrub, resulting in a
14-ha net decrease of the scrub area. Also within the last
phase, a substantial portion of the early scrub, dominat-
ed by S. repens, Hippophae and Ligustrum got replaced
by other scrub types.

General scrub dynamics

Vegetation transition schemes based on interpretations
of aerial photographs are shown in Tables 1, 2 and 3. In
1953, substantial parts of the dune slacks were covered
with low Hippophae and S. repens scrub (Herbauts
1971). This vegetation is recognizable on the image,
but the photo quality does not allow differentiation
between the two dominant species. Between 1953 and
1974, this scrub expanded, grew taller and differentiated
into different (distinguishable) vegetation types domi-
nated by S. repens (25%), Hippophae (50%) and/or
Ligustrum (25%, Table 1). Y oung slacks were colonized
by S. repens but soon evolved into HippophaelS. repens
mixed vegetation. Hippophae and Ligustrum mainly
showed an expansion at the expense of formerly grazed
herbaceous vegetation, indicating that both species can
act as pioneers in secondary scrub development. Sec-
ondary scrub accounts for 62.5 ha or 67% of the newly
developed scrub.

Between 1974 and 1989 (Table 2), S. repens showed
a general decline. An area of 24 ha or 82.5% of the
initial S. repens-dominated vegetation succeeded into
other scrub types dominated by Hippophae (roughly
75%) and Ligustrum (25%). Only 1 ha of S. repens
patches (3.8%) remained unchanged between 1974
and 1989.
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Fig. 2 Above — vegetation maps
of De Westhoek Nature reserve in
1953, 1974, 1989 and 2010. The
2010 map also shows the location
of the scrub demography plots.
Below — surface area of the dif-
ferent vegetation types derived
from the vegetation maps above
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Hippophae-dominated scrub increased by nearly
50%, at the expense of S. repens, herbaceous vegetation
as well as newly fixed dunes. HippophaelS. repens
codominated vegetation appeared to be a transitional
type, where Hippophae gradually took over dominance.

Ligustrum-dominated scrub expanded with nearly
90%, mainly at the expense of Hippophae (68%). How-
ever, also the reverse transition of Ligustrum into
Hippophae dominant scrub occured, albeit less fre-
quently. Succession from S. repens vegetation
accounted for 25% of the newly formed Ligustrum
scrub. This process was unambiguous, as no transition
of Ligustrum into S. repens occurred. Also the spatial
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patterns of both successional pathways towards
Ligustrum dominance differed markedly. Detailed in-
spection of the vegetation maps in GIS revealed that the
transition of S. repens into Ligustrum scrub largely
occured in large distinct patches, while the transition
starting from Hippophae showed a pattern of scattered
small patches.

Transitions of scrub into bare sand and herbaceous
vegetation are mainly related to eastward transgression
of the central mobile dune, covering all vegetation on its
path. Scrub regression into herbaceous vegetation only
occurs at small scale. It is mainly the result of Ligustrum
decay (about 1 ha or 5% of the initial area), decay of
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Table 1 Vegetation transitions between 1953 and 1974 based on the vegetation maps in Fig. 1 (areas in ha)

Bare Herbaceous Salix repens Hippophae /|  Hippophae Hippophae/ Ligustrum  Other Woodland Total

sand dominant Salix repens  dominant Ligustrum dominant  scrub 1953
Bare sand 894 273 8.2 12.2 1.3 0.3 0.3 43 1519
Herbaceous 16.1 14.8 9.5 5.8 22.8 13.5 7.5 33 34 96.6
Low scrub 8.7 34 11.2 6.6 242 13.5 10.0 5.1 32 86.0
Woodland 04 0.1 0.0 0.1 0.0 0.1 0.2 6.1 7.1
Total 1974 114.5 45.6 28.9 24.7 55.7 28.3 17.9 8.9 17.0 341.7

Hippophae scrub only accounts for about 0.5 ha (0.9%
of the initial Hippophae-dominated area).

The vegetation changes between 1989 and 2010
(Table 3) were substantially influenced by artificial
scrub clearing in 1997-2000 (coloured columns). Still,
a number of distinct trends can be observed within the
area unaffected by this clearing. First, scrub dominated
by S. repens spontancously increased from 6.8 to 12.1
ha, with an additional 5.4 ha formed within the cut areas.
The natural expansion mostly occured as pioneer vege-
tation development in newly formed dune slacks (53%)
but is also due to decay of Hippophae in mixed scrub
with S. repens (37%). Again, S. repens scrub was highly
ephemeral, with only 15% of the 1989 area still
appearing as S. repens-dominated vegetation in 2010.

Second, Hippophae scrub was subject to large chang-
es between 1989 and 2010. About 16% succeeded into

‘other’ scrub types (dominated by Crataegus
monogyna, Prunus spinosa, Salix cinerea and others)
or woodland, and another 16% of the original arca
disappeared due to scrub clearing, the movement of
mobile dunes or spontaneous decay. On the other hand,
about 30 ha of it was newly formed, mainly as pioneer
scrub on the stabilized central mobile dune. Only a small
area of Hippophae succeeded into Ligustrum-dominated
or mixed scrub (2.2 ha). By contrast, a substantial tran-
sition of Ligustrum into Hippophae did occur (8.6 ha).
Finally, between 1989 and 2010, Ligustrum-dominated
scrub showed a major decline from 42.7 to 12.9 ha
(=70%). Scrub clearing decreased the Ligustrum scrub
by 16.5%, succession into woodland and mature scrub
accounted for 16%, and dune mobility (sand covering)
accounted for another 12%. About 7 ha or 16% of the
Ligustrum scrub regressed into herbaceous vegetation. In

Table 2 Vegetation transitions between 1974 and 1989 based on the vegetation maps in Fig. 1 (areas in ha)

Bare Herbaceous Salix repens Hippophae !  Hippophae Hippophae/ Ligustrum  Other Woodland Total
sand dominant Salix repens ~ dominant  Ligustrum dominant  scrub 1974
Bare sand 84.5 18.0 1.9 2.1 6.2 0.2 0.4 0.3 1.1 1145
Herbaceous 5.0 21.6 22 4.1 8.1 0.3 2.6 0.6 1.1 45.6
Salix repens 05 33 1.1 5.4 10.0 1.7 6.1 0.7 0.1 28.9
dominant
Hippophae / 04 03 1.4 8.6 7.8 2.8 1.7 1.1 0.5 24.7
Salix
repens
Hippophae 31 13 0.1 0.1 37.8 2.1 7.0 1.6 2.7 55.7
dominant
Hippophae | 28 1.0 0.0 0.1 6.2 2.8 13.7 1.5 0.3 28.3
Ligustrum
Ligustrum 35 06 0.0 1.6 0.8 9.8 1.1 0.6 17.9
dominant
Other scrub 0.0 07 0.0 0.2 32 2.0 1.4 0.9 0.5 8.9
Woodland 09 05 0.0 0.0 0.8 0.0 0.3 14.5 17.0
Total 1989 100.8 47.2 6.8 20.5 81.7 12.5 42.7 8.1 21.5 341.7
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reality, Ligustrum decay was larger, but part of the open
habitat was already colonized by Hippophae in 2010. This
likely explains the large area of Ligustrum succeeding into
Hippophae (26%).

Overall, the total scrub cover in De Westhoek in-
creased from 88 ha (26% of the area) in 1953 to 166 ha
(49%) in 2010. This area is the result of substantial
internal landscape dynamics involving vegetation suc-
cession and regression, large-scale dune mobility and
artificial scrub removal. The actual scrub developed
through primary succession from bare sand (46%), sec-
ondary succession from formerly grazed herbaceous
vegetation (28%) or was already scrub in 1953 (26%).

Species autecology

Figure 3 shows that S. repens shows a clear preference
for moist conditions with a median average spring
groundwater level of 21 cm below the surface level
and a narrow optimum. However, the species tolerates
a wider moisture range, from very wet (spring flooding)
to dry conditions (groundwater table > 5 m deep).
Hippophae rhamnoides and Ligustrum vulgare show a
similar response to groundwater levels. Both species do
not tolerate spring flooding and prefer significantly dry-
er soil conditions than S. repens, with median average
spring groundwater level values around 1,05 m below
the ground surface (one-way ANOVA, df =2, F =
40.41, P << 0.01).

Salix repens grows within a wide range of soil age
(Fig. 4). It is one of the first colonizers in newly formed
dune slacks but can also be found in old wet to dry dune
grassland on soils fixed for many decades or probably
even centuries. Also Hippophae is present in a relatively
wide soil age range but with a clear shift in preference
towards the higher age classes (Fig. 4). By contrast,
Ligustrum is hardly found in young, recently fixed
dunes. The species has the most pronounced preference
for old soils at the site, fixed for at least several decades.

Lifespan patterns based on ring counts of dead stems
are shown in Fig. 5. Salix repens and H. rhamnoides
show a clearly peaked distribution with a median age of
nine and thirteen years, respectively. Maximum ages are
nineteen for Salix and 39 for Hippophae. The age dis-
tribution of dead Ligustrum ramets at the site is not
clearly peaked. The median age is 23 years, the oldest
individual found was 36. A summary of the species’
characteristics from the literature and own observations
is presented in Table 4.

Age composition of scrub plots

Table 5 summarizes the characteristics of the forteen
plots in which scrub was cut to determine ramet age.
The age composition of the different species is presented
in Fig. 6 as cumulative curves of ramet establishment.
Three groups of plots can be distinguished in function of
soil moisture (depth of groundwater table). Plots a—d
(Table 5) represent scrub on dry ridges, where the aver-
age spring groundwater level is more than 3.5 m below
the surface and has a negligible impact on vegetation
development. In these parts of the dune, fixation and
scrub development started relatively recently (after
1953). Scrub expansion is slow, only ten to twenty
new ramets are formed within the first ten years.
Hippophae expansion generally shows an s-shaped
curve, indicating a phase of increasing establishment
followed by a decrease. The latter phase had not yet
been reached in plot a, which still showed vigorous
rejuvenation at the time of cutting. After more than
thirty years, scrub composition is still poorly differenti-
ated with Hippophae clearly dominating. Although
Ligustrum individuals of more than twenty years old
are present in the plots, this species is still sparse at the
time of cutting.

The second and largest group of plots (Table 5, e
through k) is situated in moist dune slacks, with average
spring groundwater levels roughly between 55 cm and
1.75 m below the surface. This implies that vegetation
and soil development are at least seasonally influenced
by groundwater but that the surface is never inundated.
In all plots, the soil is fixed for more than fifty years, so
they have formerly been grazed and vegetation can be
considered secondary scrub. Ligustrum and Hippophae
are both abundant, but the plots show a marked variabil-
ity in their abundance ratio. Plots e and j are dominated
by Hippophae whereas plots g, h and i are dominated by
Ligustrum, while f and k hold an intermediate position.
Most demographic curves in plots e-k show a linear or
concave down shape, indicating there was no phase of
acceleration of rejuvenation or it has already disap-
peared out of the demographic image.

In plot e, tall scrub development is relatively recent.
Hippophae appears in the late 1970s, gradually dis-
places Salix and still dominates the vegetation in 2002.
Although one Ligustrum stem of over 20 years old is
found, the species is hardly present in the plot at the time
of cutting. The other plots fto k (Table 5) consist of old
scrub which was already developing in 1953. The aerial
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Fig. 3 Comparison of spring groundwater depth in the period
2014-2018 across the three study species Salix repens (n = 185),
Hippophae rhamnoides (n = 560) and Ligustrum vulgare (n =
468). One-way ANOVA: d.f =2, F=40.41, P << 0.01. A post-

photo interpretation reveals that, with the exception of
plot k, all locations went through a phase of Ligustrum
dominance. Plot k shows a shift in the balance between
Hippophae and Ligustrum over time, without one of
both completely prevailing. In plots g, h and i,
Ligustrum was still dominating at time of cutting, with
vigorously rejuvenation of the species in plot g. In plots
fandj, the Ligustrum phase peaked in the 1970s and 80s
and since then, Hippophae predominated. Plot j clearly
shows Hippophae rejuvenation at the time of cutting.

The last group of plots (Table 5, I, m and n)
consists of scrub in wet dune slacks, where the
average spring groundwater table is higher than
50 cm below the surface level. Scrub expansion
occurs much faster here compared to the dry dunes.
In plots 1 and m, forty to one hundred new ramets
established within ten years.

The slack plots are characterized by the presence
or abundance of S. repens. Hippophae is dominant
and still rejuvenating in the youngest plot (1), only

Fig. 4 Preference of different life

stages of Salix repens (n = 185),

Hippophae rhamnoides (n = 560) 3
and Ligustrum vulgare (n = 468)

for fixation age of the landscape 2.5
within De Westhoek nature 8
reserve. Preference is defined in S 2
the methods section & 15
] ;
(-9
1
0.5
0

@ Springer

[ Salix repens

0-11

hoc Tukey HSD test reveals that groundwater levels for S. repens
significantly differ from those for both L. vulgare and
H. rhamnoides (P << 0.01)

fixed for about fifteen years at the time of cutting.
As in plots a—d, Hippophae shows a clearly s-shaped
curve here, with peak expansion in the early 1990s.
In plot m, fixed about ten years earlier, Hippophae
is still abundant but no longer rejuvenating. In plot
n, situated in a dune slack formed about fifty years
ago, Hippophae nearly disappeared and Ligustrum
gradually took over.

Discussion
Early scrub expansion

Several scrub development phases with distinct domi-
nance patterns can be distinguished in De Westhoek
dunes. The site was characterized by rapid scrub devel-
opment between 1953 and 1974, with an average ex-
pansion of 1.1% of the site’s total area per year. This
phase lasted until the 1970s, when, ultimately, most of

W Hippophae rhamnoides

wlla

11-21 21-36 36-57 >57

M Ligustrum vulgare

Soil age (years)
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Fig. 5 Age distribution of 14
individual dead ramets of Salix 12 Salix repens
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the slacks were covered with scrub and only the most of the scrub encroachment is not clearly documented.
dynamic locations, such as the central mobile dune and High-quality terrain photographs and descriptions from
the foredunes, remained devoid of vegetation. The onset the beginning of the twentieth century sketch a largely

Table 4 Species characteristics of Salix repens, Hippophae rhamnoides and Ligustrum vulgare as potential explanatory factors affecting
the outcome of competition. Own observations are marked with *. For references see the text

Salix repens Hippophae rhamnoides Ligustrum vulgare
Average age (+ median)* 9709y 148 (13)y 22.7(23)y
Typical height within scrub* 12-22m 1-3m 1-3m
Vegetative growth creeping stems root suckers root suckers / stem layers
Pollination wind / Insects wind insects
Seed dispersal wind birds birds
Shade tolerance moderate low high
Inundation tolerance* ++ — _
Soil development preference* wide range wide range old soils

The "*" symbol indicates the figures based on own observations. This is a necessary indication as these figures might be different from those
obtained from literature
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Table 5 Main characteristics of fourteen demography plots of 8 x 8 m* (Fig. 1). Moisture is expressed as average spring groundwater depth

in m below the surface

Plot Moisture Vegetation 1953 Vegetation Vegetation 1989  Vegetation Landscape Scrub Scrub
[m] 1974 2002 fixation development age
a 16.1 dry pioneer moss dune low and open Hippophae +1948 1974-1989 £15y
Hippophae
b 39 bare sand moss dune Hippophae Hippophae +1968 1974-1989  15-25
y
c 35 bare sand Hippophae Hippophae Hippophae 1948-1968 + 1974 25-35
y
d 7.8 dry pioneer Hippophae open Hippophae + Hippophae + 1953 1974-1989 3045
Ligustrum y
e 0.7 grassland + Salix repens ~ Salix repens + Hippophae Hippophae < 1948 + 1974 +30y
grassland dominant dominant
f 0.5 Salix repens Ligustrum Hippophae + Hippophae + < 1917 <1953 >50y
dominant Ligustrum Ligustrum
(decay)
g 0.9 low scrub Salix repens +  Ligustrum + Ligustrum <1917 <1953 >50y
Hippophae Hippophae dominant
h 1.7 low scrub Ligustrum Ligustrum Ligustrum <1948 <1953 >50y
dominant dominant dominant
i 0.7 grassland + Salix repens  Ligustrum + Ligustrum Ligustrum 1917-1948 41953 45-55
Hippophae dominant dominant y
] 1.0 low scrub Ligustrum Ligustrum + Hippophae +1917 <1953 >50y
dominant Hippophae dominant
k 0.6 low scrub Hippophae +  Ligustrum + Ligustrum + <1948 <1953 >50y
Ligustrum Hippophae Hippophae
1 0.2 Bare sand pioneer dune  low Salix repens + Hippophae +  + 1974 +1989 +15y
slack Hippophae Salix repens
m 05 bare sand pioneer dune  Salix repens Hippophae +  +1974 1974-1989  15-25
slack Salix repens y
n 0.3 dune slack + Salix repens Salix repens +  Ligustrum + Salix ~ Salix repens + + 1948 + 1974 35-50
Hippophae repens Ligustrum y

grazed, open landscape dominated by mobile dunes and
herbaceous vegetation (Massart 1912). The slacks were
covered by damp grassland and low scrub with
S. repens, H. rhamnoides and, to a lesser extent,
L. vulgare (De Bruyne 1905; Massart 1912; Rahir
1932). According to the descriptions of the site from in
the 1950s and 1960s, scrub vegetation was clearly taller
and denser, indicating the expansion was already well
on its way (Depuydt 1967; Delaunois 1952).

A similar process of rapid scrub development is
described by Van der Maarel et al. (1985a) for the dunes
of Voorne (the Netherlands). These authors denominate
it with the term ‘revolutionary succession’ and link it to
the release from cattle grazing in 1910. This link with
grazing abandonment applies to many of the coastal
dunes (Provoost et al. 2011) and other semi-natural
landscapes in Northwestern Europe (Prévosto et al.
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2011; Poschlod et al. 2005) and is also the most probabe
explanation for the onset of scrub expansion in De
Westhoek dunes.

In the early 1950s, also the collapse of rabbit popu-
lations caused by myxomatosis (Fenner and Radcliffe
1965) stimulated scrub encroachment on dunes. This
certainly holds for species with palatable juvenile shoots
such as Crataegus monogyna or Prunus spinosa
(Hodgkin 1984; Smit et al. 2010). In De Westhoek as
well as in Oostvoorne, however, scrub expansion started
before the myxomatosis outbreak, so it can only have
played a secondary role.

The early phase of scrub expansion in De Westhoek
can largely be considered a secondary vegetation devel-
opment because tall scrub mainly invaded formerly
grazed herbaceous vegetation or low scrub (Mortimer
etal. 2000). Only 20% of the scrub area in 1974 resulted
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Fig. 6 Cumulative ramet establishment of Hippophae rhamnoides, Salix repens and Ligustrum vulgare in scrub demography plots

from primary development, that is, colonization of lo-
cations not vegetated in 1953. It consisted of Hippophae
and S. repens, which, in contrast to Ligustrum, are able
to colonize in very early, nutrient poor stages of
(primary) vegetation succession (Weeda et al. 1988).
Both species are adapted to nutrient-poor pioneer con-
ditions through intense symbiotic relationships with
fungi and nitrogen-fixing bacteria (Tadych and
Blaszkowski 2000).

Secondary scrub, encroaching existing herbaceous
vegetation, mainly consisted of Hippophae (55%), but
also Ligustrum (24%) and S. repens (21%), were well
represented. Salix repens was already present in the
formerly grazed herbaceous vegetation in 1953 and
likely it merely grew taller after the removal of live-
stock. The rapid expansion of Hippophae and

Ligustrum in former grassland probably largely in-
volved establishment through seed germination, as both
species appeared much more scattered throughout the
landscape.

Changes in dominance pattern

A second phase in scrub development is characterized
by a shift in the relative abundance of the dominant
species S. repens, H. rhamnoides and L. vulgare
(Fig. 7). Our results describe these shifts and link them
to species characteristics in a hypothetical way.
Unravelling the mechanisms of competition would re-
quire experiments. At our study site, this phase of
shifting dominance patterns largely coincides with the
evolution observed between 1974 and 1989. Within this
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period, S. repens-dominated vegetation is largely
displaced by Hippophae and Ligustrum. Both species
are taller and on average live five to ten years longer
than S. repens (Table 4), which most likely explains this
evolution. Apparently, more than half of the larger
Ligustrum-dominated patches have a S. repens history.
This is probably related to the shade tolerance of
Ligustrum, enabling the species to establishment in
dense, relatively tall and therefore shaded S. repens
vegetation. Once developed, Ligustrum prevents
Hippophae colonization by its shading effect
(Kollmann and Reiner 1996), resulting in a monospe-
cific vegetation. It seems that the dense S. repens-dom-
inated vegetation which developed on a large scale soon
after the decline of the domestic grazing pressure,
exerted a priority effect (Temperton et al. 2004),
inhibiting the development of Hippophae but enabling
the development of large Ligustrum-dominated scrub
patches.

Between 1989 and 2010, some patches show a tran-
sition of Hippophae- to S. repens-dominated scrub. This
is due to Hippohae decay during long spring inundation
in wet dune slacks. Salix repens is well adapted to this
inundation and regains dominant if it is still present in
the Hippophae-dominated vegetation. It is indicated as a
regressional pathway in Fig. 7.

The competition balance between Hippophae and
Ligustrum is more subtle. The aerial photograph inter-
pretation mostly shows transitions from Hippophae to
Ligustrum dominance, but, to a lesser extent, also the
reverse transition occurs.

Hippophae is favoured in early stages of primary
succession due to its ability to colonize mineral soils
and its strong vegetative propagation (Rogers 1961).
In well developed, organic soils, however, Ligustrum
seems to gradually outcompete Hippophae, although
both species can coexist in the scrub for more than
thirty years. This is longer than the average life span
of both species. The gradual replacement of
Hippophae is confirmed by the demography plots in
moist dune slacks where scrub development started at
least fifty years ago. Nearly all these plots have been
through a phase of Ligustrum dominance and most
plots were still Ligustrum-(co)dominated at the time
of cutting. As both species attain a similar height
within the scrub, likely the longer lifespan and shade
tolerance of Ligustrum vulgare explain its modest but
decisive competitive superiority to Hippophae
rhamnoides.
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The reverse transition of Ligustrum into Hippophae-
dominated scrub mainly occurred between 1989 and
2010 and at least partly goes along with the regression
of Ligustrum scrub into herbaceous vegetation. We
consider this regression a third phase in early scrub
development, probably related with scrub age. At an
age of at least 30 to 40 years, many Ligustrum stands
seem to collapse on a small to relatively large scale.
Subsequently, Hippophae can fill in this gap and regain
dominance. This process is also seen in some of our
scrub demography plots which contain remnants of old
Ligustrum along with rejuvenating Hippophae.

The decreasing vitality of mature scrub is well doc-
umented for Hippophae (Sloet van Oldenruitenborgh
1976; Van der Maarel et al. 1985a). It is caused by
plant-specific, soil-borne nematodes (Oremus and
Otten 1981; Maas et al. 1982), possibly synergistically
enforced by fungi (Zoon et al. 1993). Although no
information was found for Ligustrum, the observed
large-scale decay of the species suggests similar in-
volvement of soil-borne pathogens. Scrub degeneration
might also be caused by nutrient shortage, especially
phosphorous (Zoon 1995). It is not clear whether nutri-
ents or other chemical factors play a role in the scrub
regression observed in De Westhoek dunes.

Edaphic versus demographical factors

In this study, two edaphic factors were taken into ac-
count, soil moisture and soil development expressed as
the timespan since the onset of vegetation development.
The importance of soil moisture is firstly reflected in
differences in inundation tolerance between our three
studied species. Hippophae rhamnoides and L. vulgare
are clearly intolerant to prolonged flooding, in contrast to
S. repens. Consequently, we can see that in very wet
slacks S. repens can maintain or regain dominance when
Hippophae is eliminated. This evolution is clearly ob-
served between 1989 and 2010 and can, at least partly, be
explained by Hippophae decay during the exceptionally
wet year 2001 (Provoost et al. 2020). However, wet
slacks with average spring groundwater tables exceeding
20 cm below the ground level only account for 4.6% of
the area (Provoost et al. 2020), so quantitatively this
process is of minor importance at the site. Second, soil
moisture largely determines the speed of soil organic
matter accumulation and, inextricably linked, vegetation
development (Sevink 1991; Jones et al. 2008). This
moisture effect is exerted with average groundwater
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Fig. 7 Transitions in dominance
of Hippophae rhamnoides, Salix
repens and Ligustrum vulgare
during early scrub succession in
De Westhoek dunes
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tables up to about 2 m below the surface level (Provoost
et al. 2004), which is the case in about 60% of the site.
The effects of drought stress, causing this slowing down
of vegetation development on dry dunes, is clearly no-
ticeable in demography plots a—d, which show a much
slower scrub expansion than the wet and moist plots.

Also, as soil development is slowed down on dry
dunes, it takes much longer until Ligustrum can estab-
lish, so vegetation remains Hippophae-dominated much
longer. Ligustrum indeed demands higher nutrient
levels and only establishes in landscapes with a certain
level of soil development (Weeda et al. 1988).

As the regional precipitation surplus shows strong tem-
poral fluctuations (Provoost et al. 2020), a more extensive
exploration of the relationship between groundwater level
(or precipitation balance) and scrub dynamics requires a
much higher temporal resolution of vegetation data and is
therefore not an issue in this study. For the Westhoek
dunes, a general increase in precipitation surplus was
observed between 1953 and 1974, but it remained relative-
ly stable between 1974 and 2010. However, we do not see
a convincing relationship between these trends and our
findings on scrub development.

The importance of soil development is mostly
reflected in the gradual replacement of the pioneer spe-
cies S. repens and H. rhamnoides by L. vulgare, which
is clearly related to older, more organic soils. This
perfectly fits within a facilitation driven, autogenic,
primary succession, typically associated with coastal
dunes (Olson 1958; Olff et al. 1993). However, the first
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phase of strong scrub expansion in De Westhoek, be-
tween 1953 and 1974, largely consisted of secondary
scrub development in formerly grazed herbaceous veg-
etation. Here we see that Ligustrum colonizes habitats
together with Hippophae and Salix; the facilitation
phase of primary succession seems to be skipped. Based
on the three species considered in this study, the com-
position of older stages of primary succession seems to
converge with secondary developed scrub (Fig. 7). This
might be expected because the changes in soil charac-
teristics related to autogenic succession appear to dimin-
ish over time (Sevink 1991; Jones et al. 2008), together
with the quantitative importance of soil factors as dif-
ferentiating drivers of vegetation succession (Tilman
1990). Hence, this would result in a shift towards veg-
etation dynamics characterized by a more subtle
competitional interaction between Hippophae and
Ligustrum, in which, according to our results, popula-
tion demography plays an important role. In future
succession towards tall scrub and woodland, this shift
towards vegetation dynamics associated with differ-
ences in plant life histories, growth rates and other
competitive qualities is likely to reinforce (Lichter
2000; Huston and Smith 1987). However, as primary
scrub succession at the site is at most about 65 years old
and has only very locally resulted in Ligustrum domi-
nance, the degree of convergence between primary and
secondary scrub development remains unclear. The
large-scale Ligustrum decay, for example, might be
typically associated with secondary scrub.
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Management implications

Scrub encroachment poses a main challenge for the
conservation of species-rich herbaceous dune habi-
tats. Figures on landscape changes in De Westhoek
dunes show that scrub develops in different vegeta-
tion types over a wide soil moisture and soil age
range. Only mobile dunes and frequently inundated
slacks remain devoid of it. Within a highly scrub-
encroached landscape, low- to moderate-pressure
grazing management seems unable to reduce the
scrub area or even substantially limit its expansion
(Hoffmann et al. 2005; van der Hagen et al. 2020).
Therefore, mechanical scrub clearing is applied in
order to preserve the surface area of herbaceous
vegetation. The phases of natural scrub decay, prob-
ably related to scrub age, can play an important role
in achieving maximum synergy between natural
vegetation dynamics and management targets. Our
results show that the area of natural scrub decay was
within the same order of magnitude as the artificial
scrub clearing. This process offers a possibility to
change scrub into herbaceous vegetation communi-
ties without having to deploy heavy machinery and
thus substantially reduce costs and terrain damage.

Finally, special attention should be paid to EU-habitat
type 2170 “Salix repens scrub’. It is an important coastal
dune element with high conservation value. Salix repens is
aniche specialist, highly tolerant to inundation, sand burial
and nutrient poor soils. However, it is clearly an inferior
competitor because of its smaller proportions and shorter
life span, and it gets overgrown by tall scrub (and trees). At
least in De Westhoek dunes, active management (removal
of tall scrub and trees) is required in order to preserve this
habitat type.

Nomenclature

Lambinon et al. 2012
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