
Introduction

Dune habitats form important ecosystems in Europe,

containing a high ecological diversity in terms of environ-

mental heterogeneity and variability of species composition.

Despite the narrow widths of coastal ecosystems, there is a

complex coast-to-inland environmental gradient with spatial

sequences of dune ridges, representing chronological series.

This dune chronosequence with yellow dune, grey dune and

brown dune habitats has been described for many coastal

dune formations worldwide (Carboni et al. 2010, Doing

1985, Lichter 1998, 2000, Frederiksen et al. 2006, £abuz and

Grunewald 2007, Miller et al. 2010). A complex gradient of

changing environmental conditions as well as the interplay

among plant succession, exposure, disturbance and resource

availability lead to different patterns and rates of succession

(Lichter 1998).

Soil development, nutrient accumulation, plant height

and habitat compartmentation produce the majority of

changes in species along the dune chronosequence. An in-

crease in species richness and species diversity from species

poor yellow dunes to young grey dunes after surface stabili-

sation can be observed (Stankeviciute 2001). In many cases,

species richness decreases towards the mature stage of suc-

cession in brown dunes, possibly caused by less fluctuations

and increasing stability (Margalef 1963, Stankeviciute

2001).

Dune heterogeneity is often initiated by disturbances at

different scale (Hobbs and Huenneke 1992). Variations in

disturbance regime can affect ecosystem and community

structure and functioning (Hobbs and Huenneke 1992). In

general, disturbance creates open patches for plant estab-

lishment and increases the amount of available ecological

niches. Large scale disturbances, such as severe storms,

waves, wind action and heavy rainfall lead to high sand dy-

namics within yellow and grey dune habitats (Miller et al.

2010). On a smaller scale animal digging, grazing, trampling

and anthropogenic transformation (e.g., afforestation and

coastal conservation measures) disturb the dune habitats with

varying frequency and intensity (Jentsch and Beyschlag

2003). Thus, along a coast-to-inland gradient with changing

environmental conditions (soil, nutrients, microclimate) the

establishment of various species is favoured and species rich-

ness and diversity are varying.

Today, most European coastal dune ecosystems are

threatened by anthropogenic disturbance resulting in a sub-

stantial loss of regional biodiversity (e.g., Piotrowska 1988,

£abuz 2004). The measurement of species richness that oc-

curred along a coast-to-inland ecological gradient could be

an important component for ecosystem management. Plant

communities which best contribute to total species richness

could be identified, underlining the importance of dune habi-

tats for management planning (Acosta et al. 2009). Hence, it

is essential to understand baseline diversity patterns of com-

munity mosaic, especially in areas remaining relatively un-

disturbed and containing relatively intact dune systems

(£abuz 2004), such as those found along large streches of the

southern Baltic coast.

The present study was conducted in well preserved dune

sytems along the southern Baltic coast representing a broad

geographical gradient. To comprehend processes underlying

biodiversity of coastal dunes, the study describes (i) patterns

of species richness and species diversity based on environ-

mental inidcator values and analyses, (ii) the species compo-

sition (including cryptogams) of the dune vegetation explor-
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ing the effect of the coast-to-inland gradient as a chronose-

quence and the cover of major species groups along this gra-

dient.

Materials and methods

Study area

This study was conducted in dry coastal dunes in pro-

tected areas along the southern Baltic coast. All research has

been conducted on 15 coastal sites in four countries (Ger-

many, Poland, Russia and Lithuania). They are spread over a

large geographical gradient from the Eckernförder Bight in

the west, along the islands of Usedom and Rügen towards the

Darß peninsula, £eba Bar, Vistula Spit and the Curonian Spit

in the east (Figure 1, Table 1). The coastal dune systems were

heterogeneous, consisting of distinct plant communities that

occurred along a coast-to-inland ecological gradient but usu-

ally in a complex mosaic pattern. The climate of the southern

Baltic is influenced by both the Atlantic Ocean and the Euro-

pean continent and has a transitional character with relatively

constant temperatures (Schiewer 2008). The continental in-

fluence increases in eastern direction (Schiewer 2008).

Field methods

A total of 144 phytosociological relevés were collected

in homogeneous pioneer vegetation of yellow dunes (Ammo-

philetea), dune grassland of grey dunes (Koelerio-Co-

rynephoretea) and in shrub/woodland of brown dunes (Cal-

luno-Ulicetea, Vaccinio-Piceetea and Carpino-Fagetea)

during summer 2008 and 2009. A uniform plot size for vege-

tation relevés of 25 m
�

(5 m × 5 m) was used. Plant abun-

dance/cover of all species of bryophytes, lichens and vascu-

lar plants was estimated using the Londo scale (Londo 1976).

The nomenclature of Corispermum pallasii relied on the

treatment of the genus Corispermum by Mosyakin (1995,

2006). Indicator values according to Ellenberg (2001) were

used as a proxy for ecological site factors. Mean indicator

values for light (mL), temperature (mT), moisture (mF), soil

pH (mR) and nitrogen (mN) were calculated for each relevé.

Data analysis

We applied TWINSPAN analysis (Hill 1979) to classify

the 144 relevés. The observed plot groupings were compared

with those previously described for the southern Baltic coast

and interpereted as major dune plant community types (Ma-

tuszkiewicz 1980, Bohn and Gollup 2003, Berg et al. 2004).

We further pooled the identified community types to three

dune types, which represent a vegetation zonation along a

coast-to-inland gradient: yellow dunes, grey dunes and

brown dunes.

Non-metric multi-dimensional scaling (NMDS), using

the metaMDS function, was performed to visualize variation

in species composition among dune types (Oksanen et al.

2009). The effect of dune type on species assemblages was

tested by an analysis of dissimilarity (ADONIS) with 1000

permutations (Anderson 2001). Prior to analysis, abundance

data were square-root transformed and rare species (fre-

quency 3) and plots with less than 3 species were removed
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from the data matrix. We used the Bray-Curtis index to cal-

culate dissimilarities among the plots.

We used generalised additive mixed models (GAMMs)

with an identity link function and Gaussian distribution to

evaluate changes in Ellenberg indicator values and vegeta-

tion structure (coverage of vascular plants and cryptogams)

with dune type. To account for the hierarchical data structure

island was used as random factor. Smooth functions were

constructed as penalized regression splines, with optimal

amount of smoothing determined by cross-validation (Wood

2006). The NMDS ordination scores were used as a proxy for

the vegetation zonation and dune types, respectively.

Generalised linear mixed models (GLMMs) with island

as random factor were applied to test the effect of dune type

on species richness and diversity (Simpson Index of Domi-

nance). Post hoc comparisons were conducted with a Tukey

HSD test. Species richness was modelled using the log link

function and a Poisson distribution. The GLMMs were

scaled to correct for over-dispersion and fitted to the data

with the glmmPQL function. Variations in species diversity

were analysed using the lme function (Zuur et al. 2009). All

statistical analyses were performed using R (R Development

Core Team 2009, version 2.10.1). The regression models

were fitted using the lme and MASS R library. Multivariate

analyses were performed using the vegan R library.

Results

Species composition and vegetation zonation

A total number of 230 species was recorded at the 144

plots along the Baltic coast representing 11 plant community

types and three dune types, respectively. The three dune

types were clearly separated along the first NMDS-axis

(ADONIS: F = 24.11, p <.001, Figure 2) and represent dif-

ferent stages of vegetation development along a coast-to-in-

land gradient. The two-dimensional ordination resulted in an

acceptable representation (stress 20, Kruskal 1964) of the

vegetation composition in the NMDS space as indicated by

the stress value of 19.4. The yellow dune type was repre-

sented by young dune stages (plant community tpyes A1-A3,

for abbreviations see Table 3) with species restricted to sandy

and unstable soils such as Ammophila arenaria, Cakile mari-

tima, Corispermum pallasii or Leymus arenarius. Plant com-

munities on transition dunes belonged to grey dunes and
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were characterised by herbaceous rich short Corynephorus

canescens swards (A4), Cladonia-rich grasslands (A5) and

grasslands with dominance of Festuca polesica (A6). The

third dune type consisted of heathlands (A7), pinewoods

(A8-A10) and deciduous forest (A11), occuring on brown

dunes.

Along the coast-to-inland gradient a significant negative

change of Ellenberg indicator values of nitrogen, pH, light

and temperature could be observed (Figure 3). Moisture

showed a U-shaped relation with lowest values in grey

dunes. The cover abundance of each vegetation layer differed

along the coastal zonation: The cover of herbaceous plants

increased significantly from yellow dunes to brown dunes.

The cover of woody plants and bryophytes was only remark-

able in brown dunes. The cover of lichens showed a humped-

back relationship with highest cover abundance in the transi-

tion zone between mobile yellow dunes and stable brown

dunes.

Species richness and diversity

Species richness differed with dune type: Considering

the mean total number of species per dune type, the grey dune

type accounted for 65% higher species richness than the yel-

low dune type (Tukey HSD-test, p < 0.001) (Figure 4). By

contrast differences between the grey dune and brown dune

types were statistically not significant (Tukey HSD test, p =

0.52). The mean number of species increased following the

coast-to-inland gradient and ranges from 3.5 in yellow dune

communities with initial vegetation development (A2) up to

21.8 in Festucetum polesicae (A6) on grey dunes. Cryp-

togams started to prevail in the Elymo-Ammophiletum fes-

tucetosum (A3) with a mean contribution to the total species

number of 7% and increased to 36% (Festucetum polesicae

A6) and 55% (Hieracio umbellati-Empetro nigri A7) (Table

3). Mean species richness of cryptogams in woodlands

reached its maximum in the Cladonio-Pinetum sylvestris

(A10), where cryptogams represent around 50% of the total

species.

A similar trend could be observed for species diversity

(Figure 5). Mean Simpson Index of Dominance increased
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with distance to the sea, reaching highest values in the Fes-

tucetum polesicae. Simpson Index of Dominance was lower

in plant communities of the yellow dune type than in those of

the grey dune types (Tukey HSD test, p < 0.05), but did not

significantly differ from values found plant communities of

the brown dune type (Tukey HSD test, p = 0.18). Differences

among plant communities of grey dunes and brown dunes

were statistically not significant (Tukey HSD test, p = 0.57).

Discussion

The zonation across major coastal dune habitats with dis-

tinct plant communities (yellow, grey and brown dunes) as

well as the increase in plant cover and species number are in

line with other studies of sandy coasts and typical for the

dune xerosere at a global scale (e.g., Doing 1985, Piotrowska

1988, Isermann 1996, 2005, £abuz 2004, Frederiksen et al.

2006, Stankeviciute 2006). The examined dune chronose-

quence shows a complex gradient of changing environmental

factors, which is highlighted by shifts in Ellenberg indicator

values. Along the southern Baltic Coast, vegetation patterns

are correlated with light and temperature; they decline with

distance to the sea due to encroachment of dense grasses and

cover increase of woody species. Accumulation of organic

matter results in higher soil moisture. This is important for

the vegetation productivity and the species composition, es-

pecially for typical grassland species adapted to low nutrient

levels, also observed in Dutch coastal dunes (Kuiters et al.

2009). Weathering processes and precipitation cause a rapid

leaching of calcium combined with an acidification, which

can be seen in a decline of pH-value, represented as Ellen-

berg R indicator value, during the dune succession. Most

typical dry dune plant species are adapted to fluctuating, ex-

treme temperatures, drought and frequent soil moisture

changes (Remke et al. 2009).

Along the coast-to-inland gradient, the vegetation struc-

ture changes. Initial succession stages are often homogenous

with generally uniform environmental conditions (Morrison
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and Yarranton 1974). Only a few highly specialised pioneer

species, supporting sand burial, colonise and stabilise the

sediments. Further succession stages of back dune areas, e.g.,

plant communities of the grey dune type, are characterised by

initial dune stabilisers that occur next to burial intolerant spe-

cies. Sedges and grasses dominate the vegetation and an in-

crease in cover and abundance of cryptogamic species is

noted. Older stabilised dunes of the brown dune type have a

greater total mean cover and woody shrubs and trees are

more abundant. These patterns and processes are consistent

with studies on sand dunes in the Netherlands (van der

Maarel 1978), in Lithuania (Stankeviciute 2001), in Ger-

many (Isermann 2005) and Florida (Miller et al. 2010).

Species richness differs among dune communities along

the southern Baltic Coast. The changes in total species rich-

ness across various environmental gradients are caused by

variations in availability of resources such as light, soil mois-

ture and nutrients that may influence succession and species

richness (Lichter 1998, Stankeviciute 2001). Total species

richness increases from yellow dunes to grey dunes along the

dune chronosequence. Morrison and Yarranton (1974) re-

ported that species richness attains a constant level or de-

creases during later stages of sand dune succession, which is

in line with our observations. Old stabilised brown dune

communities with low frequency and intensity of disturbance

show much lower species richness than grey dunes, where

the highest total species richness occurred. Grey dune habi-

tats lie in a transition zone between mobile dunes and interior

dunes with higher sand stability and species from both habi-

tats may be present. These habitats are characterised by inter-

mediate levels of environmental and disturbance gradients,

confirming the intermediate disturbance theory (Connell

1978). Species richness as well as cover abundance of bryo-

phytes and lichens showed a humped-back relation along the

dune chronosequence, reaching highest values in the Hiera-

cio umbellati-Empetretum of brown dunes. In contrast to the

grey dune communities, bryophytes and lichens play a more

important role in heathland-communities and contribute to

the total species richness. In contrast to grey dune communi-

ties with intermediate values of sand dynamics, nutrients and

soil reaction, habitats of brown dune are characterised by in-

termediate values of soil moisture and light.

The lowest total species richness is observed on active

migrating dunes. Annual dune vegetation with the endemics,

Cakile maritima ssp. baltica and Linaria loeselii and the neo-

phyte Corispermum pallasii colonise these habitats with

harsh environmental conditions such as drought, high solar

radiation, salt spray, variation in temperature and sand burial.

Species-poor vegetation stands are formed, which are exclu-

sive to migrating dunes of the southern Baltic coast and en-

dangered by coastal defense measures, reforestation and

tourism (Dolnik et al. 2011). Although these habitats are

dominated by only a few species, they contribute to the over-

all biodiversity. Therefore, we agree with Mills and Schwartz

(2005) and Acosta et al. (2009) who emphasized not only to

conserve species richness but also to focus on species-poor

habitats.

Conclusions

This study emphasises the relationships between biodi-

versity and environment along a coastal dune gradient in the

last remaining relatively undisturbed and intact dune systems

of the the southern Baltic coast. Our research confirmed that

plant species richness along the coastal dune gradient is defi-

nitely dependent on permanent interaction of abiotic and bi-

otic environmental factors, with include changes of charac-

teristics during the processes of dune succession. The highest

species richness is found in fixed grey dunes with herbaceous

vegetation (*2130), which are listed in the European Unions

Directive as priority habitats (Council Directive 92/ 43/ EEC

of 21 May 1992). Understanding and monitoring dune vege-

tation dynamics is the key for the conservation and protection

of species as well as the support of a sustainable development

of biodiversity at different scales.
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