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»  Factors affecting the species richness, composition and horizontal structure of vascular plants
are related to dune topography, resulting in the differentiation of soils and therefore complexes
of different microhabitats that are populated by various vascular plant species and causing
vegetation zonation.

Abstract

Different environmental factors were studied to determine which factors influence the species
richness, composition and structure of vascular plants in Pinus sylvestris L. forests in a fixed dune
landscape in south-western Estonia. In addition to site topographic factors, different environmental
parameters were investigated. Thirty-four vascular plant species were recorded in 232 quadrats. The
most abundant species was Vaccinium vitis-idaea L., which was in 82.8% of quadrats, followed
by Vaccinium myrtillus L. (74.1%), Melampyrum pratense L. (71.1%) and Deschampsia flexuosa
(L.) Trin. (69.8%). The multiple response permutation procedure (MRPP) showed considerable
differences in species composition at the bottoms of dunes compared with that on the slopes and
at the tops of dunes. Indicator species analysis (ISA) determined species exhibited characteristics
specific to zone: V. myrtillus had the highest indicator value at the bottoms of dunes; Calluna
vulgaris L., at the tops. Soils were Haplic Podzols, and the presence of humus horizon depended
on zone. Soil conditions on the dunes were variable and site specific, in general, soils at the bot-
toms of the dunes were more acidic and moist compared with those of the slopes and tops of the
dunes, and the nutrient content decreased toward the dune tops. According to non-metric multidi-
mensional scaling (NMDS) and linear mixed model analyses, species coverage, composition and
richness were controlled by site-specific factors such as absolute height, location and aspect of
the quadrat on the dune; soil nitrogen, potassium and phosphorus contents; soil pH and moisture;
light conditions; and the thickness of the litter horizon.
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1 Introduction

The wooded dunes of the boreal region are among the priority habitats according to the Council
of European Union (1992). In Europe, wooded dunes are primarily sea dunes of the Atlantic
Ocean, Mediterranean Sea, North Sea and Baltic Sea coasts. Fixed dune landscapes are usually
characterised by specific topographical features that vary in aspect, slope angle and microcli-
mate. Plant communities differ on slopes facing different cardinal directions; some species are
generally confined to specific zones (Houston 2008; Mandre et al. 2008; Tilk et al. 2011). There
have been numerous studies concerning coastal dunes and their vegetation, growth conditions
and vegetation changes induced by disturbances (Kutiel et al. 1999; Kooijman and Besse 2002;
Ensign et al. 2006; Isermann 2008; Brunbjerg et al. 2015; Ciccarelli 2015; Pinna et al. 2015).
Topography, human influence, and soil conditions such as pH, nutrients and moisture are impor-
tant factors that affect ground vegetation in dune areas (Isermann 2005; Ruocco et al. 2014;
Sewerniak et al. 2017). In Estonia, Ilves (1966), Eltermann and Raukas (1966), Raukas (1968),
Ord (1972, 1973) and Mandre et al. (2008) studied the aspects of fixed dune history and soils
in the Rannametsa dune area. Vascular plant diversity in the same dune area has been studied
by Mandre et al. (2006) and Tilk et al. (2011). However, these studies included data from one
or two dunes and focussed on one slope of the dunes, but it is known that dune vegetation, soil
conditions and even forest site type can differ drastically between slopes (Raukas 1968; Ord
1972). Research on dune habitats is vital. The current assessments of dune habitats indicate an
unfavourable conservation status (European Commission 2015), and to acknowledge the tempo-
ral changes (like climate warming, atmospheric nitrogen deposition) and increasing recreational
pressure on these areas, further actions should be implemented. However, valuable complex and
statistically relevant information about fine-scale variations in ground vegetation communities
and their relationships to soil resources and growth conditions on Pinus sylvestris L. forested
inland dunes is still lacking. The objective of this paper is to provide new knowledge concerning
ground vegetation in dune forests and to determine which environmental (light and soil condi-
tions) and topographical factors affect the vascular plant species richness and composition of
the ground vegetation and are therefore responsible for ground vegetation zonation. As such, the
following hypothesis was formed:

* Dune forest ground vegetation forms different vegetation zones and patches along the
dune profile primarily on higher dunes where growth conditions such as soil moisture and
nutrient contents change more rapidly than on significantly lower dunes; therefore the
absolute and relative heights of the dune are important topographical features that cause
the zonation of vascular plant species.

2 Material and methods
2.1 Description of the study area

The studied dune system is situated in south-western Estonia. To investigate the ecosystems on
dunes of different heights, four sampling sites were selected (Fig. 1). Dunes in the studied area
were formed by Lake Ancylus and the Littorina Sea during the ice ages and are with different
heights: site 1 absolute height 28 m and relative height 16 m; site 2 absolute height 33 m and rela-
tive height 21 m; site 3 absolute height 12 m and relative height 6 m; site 4 absolute height 10 m
and relative height 6 m.
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Fig. 1. Location of study area and study sites.

Lower dunes are situated in the Uulu-Vdiste landscape protection area, where three priority
habitats according to the European Commission (2013) are present: wooded dunes of the Atlan-
tic, Continental and Boreal region (type 2180); Western Taiga (type 9010*); and Fennoscandian
deciduous swamp woods (type 9080%*). Higher dunes are located in the Luitemaa nature reserve,
where fixed coastal dunes with herbaceous vegetation (grey dunes) (type 2130*); wooded dunes
of the Atlantic, Continental and Boreal region (type 2180); and humid dune slacks (2190) are
under protection.

2.2 Climate

According to the closest weather station of the Estonian Meteorological and Hydrological Institute
in Parnu, the main climate characteristics during the period of investigation in 2008 were as follows:
average annual temperature of 7.6 °C, with a maximum average of 16.6 °C in July and a minimum
average of —0.6 °C in January; total precipitation of 862 mm, with a maximum of 147.5 mm in
August and a minimum of 17 mm in May. The relative humidity was 83%. The length of the thermal
growing period (temperature greater than 5 °C) was 232 days (30.03.2008-17.11.2008). During
the winter of 2007/2008, no permanent snow cover was recorded, but throughout the winter, there
were 48 days with snow.
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2.3 Methods

Field studies to analyse ground vegetation were carried out in 2008. Sample plots that formed
continuous transects over the dunes were established on all four dunes. Transects started from the
plain in front of the dune and extended over the top to the back plain in increments of 1 m. The
descriptions of the plant communities were made in quadrats 1 x 1 m in size at different heights
on the dunes; altogether, 232 quadrats were studied.

The transect at site 1 started from the southern plain of the dune and extended continuously
over the top of the dune to the northern plain; altogether, 58 quadrats were analysed. The tran-
sect at site 2 extended from the western plain over the top to the eastern plain and encompassed
108 quadrats. At site 3, the sample plots (n=32) extended from the southern plain to the northern
plain, and at site 4, the transect of sample plots (n=34) was directed from east to west.

Average characteristics for the studied stands were obtained from the State Forest Manage-
ment Centre database and are presented in Table 1. Forest site type is in accordance with those of
Lohmus (2004).

The species composition of vascular plants in the quadrats was determined in May, July and
September to record seasonal features of the vegetation and therefore the complete species com-
position (Kalda 1966; Masing 1979). The nomenclature follows the keybook of Estonian vascular
plants (Leht 2010). Dominant species were determined based on abundance (Braun—Blanquet five-
point cover scale). The total cover of the vascular plant layer, the total cover of the bryophyte and
lichen layers and the cover of each vascular plant species in the quadrats were estimated visually
using a scale of 1-100%.

Canopy cover as a measure of the percentage of forest floor covered by the vertical projec-
tion of tree canopies was estimated in every quadrat. To evaluate the amount of light transmitted
through the canopy to the ground vegetation, below-canopy photosynthetically active radiation
(PAR, pmol m~2 s~!) was measured (n = 10 per quadrat) with Decagon Devices AccuPAR (Model
PAR-80) light-interception device at midday on 23.07.2008 (sunny, clear conditions). Because
light is highly variable, measurements were performed during a short period (from 11.00 to 13.00)
at all sites. Quadrats angles were measured to describe micro-topographical features using an
inclinometer for every quadrat and values were classified according angle degree to five classes:
1 (1-10°); 2 (11-20°); 3 (21-30°); 4 (31-40°); and 5 (41-50°). Absolute altitudes were measured
using a Garmin GPSMap 76CSx device and relative height was calculated using first quadrat of
the transect as a zero.

Table 1. Average characteristics of the investigated stands.

Site Soil Forest site Composition No.of  Age, Site Canopy  Height, Breastheight Density of
No. type type of trees trees per yr quality cover m diameter,  understory
hectare index cm

1 Haplic ~ Rhodococcum 100 Ps 149 180 v 0.45 24 37 Low
Podzol

2 Haplic Cladonia 100 Ps 191 190 v 0.54 24 36 Low
Podzol

3 Haplic Cladonia 100 Ps 98 200 v 0.62 21 44 Low
Podzol

4 Haplic Cladonia 100 Ps 143 210 v 0.60 23 38 Low
Podzol

Ps = Pinus sylvestris
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Soil volumetric water content (VWC, %) was determined in every quadrat using a Field
Scout™ TDR 300 at a depth of 20 cm (n = 3 per quadrat) to describe soil water-holding capacity.
Soil VWC data were collected in May, July and September when no rain had occurred for at least
3 days before measurements.

All soil types were classified according to the FAO (FAO-ISRIC-ISSS 1998). Soil samples
from every quadrat were collected in July 2010 at a maximum depth of 20 cm to measure pH and
electrical conductivity. The soil pH and electrical conductivity (EC; uS) were measured in soil:
water mixtures (1:2.5 or 1:5) using a Eutech Instruments PC300 pH/conductivity meter. To analyse
the nitrogen, phosphorus, potassium, calcium and magnesium contents, soil samples were collected;
soil horizons were distinguished by bottoms, slopes and the tops of dunes (n=3 at every location,
15 samples per dune) collected at a maximum depth of 20 cm, as most roots for majority of vascular
plants are concentrated in the first 20 cm (Bednarek et al. 2005; Solon et al. 2007). The contents
of total nitrogen, phosphorus, potassium, calcium and magnesium in the top soil samples were
determined at the Laboratory of Plant Biochemistry of the Estonian University of Life Sciences.
The soil samples were analysed for their extractable content of phosphorus (ammonium lactate;
FIAStar 5000 (flow injection analyser)), potassium (ammonium lactate; flame photometric method),
calcium (ammonium acetate; flame photometric method), magnesium (ammonium acetate; FIAStar
5000 (flow injection analyser)) and total nitrogen (copper catalyst; Kjeldahl method).

2.4 Data analysis

The species richness of vascular plants was estimated for every quadrat as the number of species
present in the quadrat. Microsoft Excel 2010 was used to perform basic statistical analysis.

One-way ANOVA followed by post-hoc Tukey HSD test using Tukey-Kramer method was
applied to determine significant differences between environmental characteristics at different
locations on dunes (Vasavada 2016). Level of significance of ¢=0.05 was used. For the statistical
analysis, transects on dunes were divided into three zones/locations: plain before the dune, slope
and top, based on the relative height and the angle of the quadrat.

The effect of grouping factors on species composition was tested using the multiple response
permutation procedure (MRPP) (Mielke et al. 1976). To correct the p-values for multiple compari-
sons using MRPP, a Bonferroni correction was applied. Indicator species analysis (ISA) (Dufrene
and Legendre 1997) was conducted to specify indicator species for different zones. The statistical
significance of indicator values was proven using the Monte Carlo simulation technique. MRPP
and ISA were performed using PC-ORD Version 6 (McCune and Mefford 2011). Overlapping and
individuality of species at different sites and zones on dunes were described using a Venn diagram,
made using Venny (Oliveros 2015).

To study variation in vascular plant species composition and to determine its influencing
factors, non-metric multidimensional scaling (NMDS) ordination was performed using the free
statistical software R Version 3.2.3, with the community ecology package “Vegan”. A linear mixed
model (with dune as a random factor) was applied to clarify the effects of environmental variables
(light conditions, soil moisture, soil pH, macronutrient contents, litter horizon thickness, and the
cover of the bryophyte and lichen layers) and location (zone, aspect and absolute height of the
quadrat) on species richness and the total cover of vascular plants. Due to intercorrelation between
canopy cover and PAR, canopy cover was left out of model. Q-Q plots and residual distributions
were used to assess the normality of model residuals.
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3 Results
3.1 Species composition

Thirty-four species of vascular plants belonging to 18 families were recorded in transects. The
most represented family was the Poaceae with four species, followed by the Asteraceae (three
species), Ericaceae (three species), Juncaceae (three species), Liliaceae (three species) and Vac-
cinaceae (three species).

There were six vascular plant species present at all sites: Calluna vulgaris L., Vaccinium
myrtillus L., Melampyrum pratense L., Empetrum nigrum L., Festuca polesica Zapal. and Vac-
cinium vitis-idaea L.. Overlapping and individual species on different dunes are shown in Fig. 2.

At site 1, 23 species occurred with Deschampsia flexuosa (L.) Trin. in 100%, V. myrtillus in
89.7% and V. vitis-idaea in 86.2% of the quadrats. The highest number of species was recorded
at site 2, where 24 vascular plant species were found; the most frequent vascular plant species

Sites No. Species

Sites 1,2 5and 4 6 Calluna vulgaris; Vaccinium myrtillus; Melampyrum pratense; Empetrum nigrunt;
Festuca polesica; Vaccinium vitis-idaea;

Sites 1.2 and 3 3 Deschampsia flexuosa; Luzula pilosa; Trientalis europaea;

Sites 1 and 2 5 Folvgonatum odoratum; Arctostaphylos wva-wrsi, Convallaria majalis; Lycopodium
annatinum; Epilobium angustifolium;

Sites 1 and 4 1 Faccinium uliginosum;

Sites 2and 3 1 Festuca rubra;

Site 1 8 Stellaria graminea; Aegopodium podagraria; Rubus idaews; Carex digiiaia;
Maianthemuwm bifolium; Deschampsia caespitosa; Oxalis acetosella; Myveelis
muralis;

Site 2 9 Hieracium wumbellatum; Carex carvophyllea; Monotropa Fypopitys; Camparnula

patula; Lwula multiflora; Lycopedium clavatwm, Sileme dioica; Solidago
virgaurea; Luzula campestris;
Site 3 1 Ledum palustre;

Fig. 2. Venn diagram showing the overlapping and individuality of vascular plant species at different sites.



Silva Fennica vol. 51 no. 3 article id 6986 - Tilk et al. - Effects of environmental factors on the species richness. ..

Table 2. The results of multiple response permutation procedure (MRPP) tests for the comparison of species composi-
tion on different dunes.

Test pair Site 1 vs. Site2  Site 1 vs. Site3  Site 1 vs. Site4  Site 2 vs. Site 3 ~ Site 2 vs. Site4  Site 3 vs. Site 4

p-value <0.001 <0.001 <0.001 0.002 <0.001 0.011

Bold values are significant after the Bonferroni correction

recorded were D. flexuosa (85.2%), V. vitis-idaea (76.9%) and V. myrtillus (74.1%). At sites 3 and
4, 11 and 7 species of vascular plants were distinguished, respectively. Melampyrum pratense L.
(84.4%), V. vitis-idaea (78.1%) and F. polesica (56.3%) were dominant at site 3, and V. vitis-idaea
(100%), M. pratense (85.3%) and V. myrtillus (70.6%) were most prevalent at site 4. Vascular plant
species were not found in the four quadrats on the upper part of the slope at site 2.

According to the results of the MRPP tests, almost all dunes differed statistically from each
other, with the exception of the lower dunes 3 and 4, which did not significantly differ in vascular
plant species composition (Table 2). As the MRPP results indicated considerable differences in
species composition between dunes, subsequent tests to compare the effect of location on species
composition were performed separately for each dune. The MRPP analyses revealed that species
composition at the bottoms of all dunes differed significantly from species composition in the other
zones (slope and top). However, a significant difference between slope and top was observed only
on the highest dune (site 2). Overlapping species and species distribution between different zones
are shown in Fig. 3.

ISA was also conducted separately for each dune, and the results showed characteristic spe-
cies were causing zonation of the bottoms, slopes and tops (Table 3). Although indicator species
for the bottoms and slopes were different for each dune, C. vulgaris was as an indicator species
for tops on three dunes; Festuca rubra L., for two.

Location No. Species
Calluma vulgaris; Deschampsia flexuosa; Vaccinium
Bottoms, A £ . f
B T i myrtillus, Melampyrum pratense; Empetrum nigrum;
- o Slopes and 10 Fast L S i 4 5T A
y . N e estuca polesica; Lycopodium anmnotinem; Lurula
{ Bottom f \ Slope " pilosa; Trientalis ewrapaes; Vaccinium vitis-idaea;
6 Ledum palustre; Maianthemum bifalium; Corvallaria
3 8 Bottoms 6 R, e 25 ] : 3
; 59%) majalis; Vacciniwm wliginosum; Oxalis acetosella;
(8.8%) 23.3% and Slopes Fanacd o
P YT urula campesiris;
R '4\14} S Eottoms 2
\\ / 1 o 3 \' Al T 1 Arctostaphylos uva-ursi;
sy RS A PR Slopes and 5 Hieracium wmbellatum; Companula patula, Festuca
Tops rubra; Solidage virgaurea, Epilobium angustifolium;
Top Bottoms 3 Rubus idaeus; Carex digitata, Mycelis muralis;
1 / Stellaria graminea; Carex caryophyilea; Aegopodium
\\ L // gl g podagraria; Polygonatum odoratum; Monotropa
Tl e ) fvpopitys: Luwrula  mulfiflora;  Deschampsia
caespitosa; Lycopodium clavatum;
Tops 1 Silene dioica;

Fig. 3. Venn diagram showing the overlapping and individuality of vascular plant species at different locations on
dunes.
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Table 3. Vascular plant indicator species with indicator values (IV) for different zones (bottom, slope and top) on dunes
according to the indicator species analysis (ISA).

Bottom Slope Top
v p-value v p-value v p-value
Site 1 Rubu ida 28 0.011 Empe nig 36 0.016 Call vul 32 0.05

Oxal ace 25 0.041
Mela pra 50 0.042

Site2  Empe nig 53 0.0002 Hier umb 26 0.001
Fest pol 50 0.0004 Call vul 50 0.001
Conv maj 13 0.035 Mela pra 52 0.002

Soli vir 26 0.002
Fest rub 35 0.006
Trie eur 21 0.021

Site 3 Vacc myr 73 0.0002 Trie eur 61 0.001 Fest rub 41 0.05
Vacc vit 69 0.0002
Ledu pal 43 0.012

Site 4 Vacc uli 38 0.012 Fest pol 48 0.025 Empe nig 52 0.002
Call vul 59 0.008

Rubu ida = Rubus idaeus; Oxal ace = Oxalis acetosella; Mela pra = Melampyrum pratense; Empe nig = Empetrum nigrum; Fest pol
= Festuca polesica; Conv maj = Convallaria majalis; Vacc myr = Vaccinium myrtillus; Vacc vit = Vaccinium vitis-idaea; Ledu pal =
Ledum palustre; Vacc uli = Vaccinium uliginosum, Trie eur = Trientalis europaea; Call vul = Calluna vulgaris; Hier umb = Hieracium
umbellatum; Soli vir = Solidago virgaurea; Fest rub = Festuca rubra.

3.2 Environmental variables

Soil horizons were distinguished through 20 cm. Site 1 represented a Rhodococcum forest site type,
with Haplic Podzol and humus horizon (1-7.5 c¢cm) soil at the bottoms and Haplic Podzol soil on
the slopes and on top of the dune.

Site 2 belonged to a Cladonia forest site type, with Haplic Podzol and humus horizon
(1-7 cm) soil at the bottoms and on the slopes of the dune and Haplic Podzol soil at the top of the
dune.

Site 3 belonged to the Cladonia forest site type, with Haplic Podzol soil on the southern
bottom slope and at the top of the dune, Haplic Podzol and humus horizon (1-15 ¢m) soil on the
northern slope and Carbi-Saprihistic Podzol on the northern bottom.

Site 4 belonged to the Cladonia forest site type, with Haplic Podzol soil on the bottoms and
eastern slope and at the top of the dune. The western slope soil type was a Haplic Podzol with a
humus horizon (1-2 cm). Soil and light characteristics are presented in Table 4.

Average soil moisture was 8.2% (VWC) but ranged from 0.7% to 43.9%. In general the
driest quadrats were located at the tops of the dunes, whereas the moistest were at the bottoms; on
the slopes, the volumetric water content was in between that of the tops and bottoms. The highest
soil moisture value (43.9%) was recorded at site 3, where the northern bottom of dune a Carbi-
Saprihistic Podzol was present. The lowest average soil moisture value (0.73%) was recorded on
the upper part of the slope at site 2 in a quadrat where the vascular plant species cover was nearly
zero. The soil volumetric water content was seasonally variable; significant differences in soil water
content were recorded between spring, summer and autumn. Soil moisture was highest in autumn
and was 55% higher than the vegetation period average. The driest period was spring, which was
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44% lower than the vegetation period average, whereas the summer soil moisture was 11% lower
than the vegetation period average. Seasonal features showed significant differences with respect
to location and site (Table 4).

The average pHipo was 4.3, with a minimum value of 3.4 and a maximum of 5.7 for all
sites. At sites 2 and 3 the soil pH at the bottoms of the dunes was significantly lower compared
with that of the slopes of the dunes (Table 4). No significant differences were observed at sites 1
and 4 regarding soil pH. Soil EC was used to obtain information about soil properties that induce
plant growth. The average EC for dunes was 151.3 uS; the maximum value was 724.3 puS, and the
minimum was 55.4 uS. According to the comparison analysis, the EC values were significantly
higher at the bottoms of the dunes at sites 2 and 3 (Table 4). The average nitrogen content was
0.28%; the average at the tops of dunes was 0.17%, on the slopes was 0.20% and at the bottoms
0.46%. The total nitrogen content was significantly higher at the bottoms than on the slopes at site
2 and on the slopes and top at site 3; there were no significant differences recorded between loca-
tions at site 1 and 4 (Table 4). The average phosphorus content in the dune soils was 24.3 mg kg!;
the phosphorus content was 20.7 mg kg ! at the tops of the dunes, 18.1 mg kg~! on the slopes and
34.2 mg kg! at the bottoms. Phosphorus content showed significant differences between loca-
tions only at higher dunes (Table 4). The average potassium content was 68.6 mg kg!, average
Ca content was 244.2 mg kg ! and average Mg 72.3 mg kg!.

The average PAR at midday in the fixed dune forests was 450 pmol m~2 s~!. Significant
differences based on location on dune were revealed at site 1 (Table 4). Canopy cover values
varied between 0.1 to 0.8 and the average value was 0.5. At site 1, the bottoms and slopes showed
significant differences in canopy cover, at site 2 slopes and top showed significant differences and
at site 4 all locations differed from each other (Table 4).

The results of the linear mixed model showed that vascular plant species richness in the quad-
rats was affected by zone, aspect of the quadrat, light conditions (PAR), average pH, average soil
water content, and total nitrogen and potassium contents (Table 5). The same factors significantly
affected the total cover of vascular plants, with the exception of light conditions and the aspect of
the quadrat, which exhibited no significant effects. In addition, the total cover was affected by the
absolute height of the quadrat and by the thickness of the litter horizon.

The NMDS analysis of vascular plant species data resulted in a stress value of 0.208 (stress
type 1). The NMDS analysis indicated that the most important factors (p<0.005) controlling vas-
cular plant species composition in the dune forests included site; the absolute height of the sample
plot; canopy cover; the aspect of the quadrat; total bryophyte and lichen cover; and soil nitrogen,
potassium and phosphorus contents (Fig. 4 and Table 6).
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Table 5. Significance (p-values, type 3 effects) of factors contributing to species richness and
the coverage of vascular plants according to a linear mixed model.

Species richness of vascular plants DF F-value p-value
Location on dune (zone) 215.97 15.43 <0.001
Aspect of the quadrat 7.87 16.67 <0.001
Absolute height 183.53 0.17 0.6852
Cover of bryophyte and lichen layers 215.42 0.003 0.9602
PAR 215.18 15.46 <0.0012
VWC 216.36 26.54 <0.001
pH 216.54 10.70 0.001
Niotal 215.46 29.22 <0.0012
P 216.92 0.002 0.969
K 216.85 4.98 0.027
O horizon 215.50 1.97 0.162
Total cover of vascular plant species DF F-value p-value
Location on dune 102.68 13.46 <0.001
Aspect of the quadrat 3.29 1.53 0.356
Absolute height 2.31 22.06 0.032
Cover of bryophyte and lichen layers 199.17 1.86 0.1742
PAR 216.78 0.04 0.844
VWC 205.64 22.96 <0.001
pH 124.85 4.78 0.0312
Niotal 217.00 27.28 <0.0012
P 32.27 0.12 0.727
K 139.17 24.43 <0.001
O horizon 174.46 6.61 0.011

2 — indicates a negative effect

PAR = below-canopy photosynthetically active radiation (umol m=2 s1);
VWC = average soil volumetric water content (%);

pH = average pHyno;

O = soil litter horizon thickness (cm);

Niotal = nitrogen content (%);

P = phosphorus content (mg kg 1);

K = potassium content (mg kg™')
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Fig. 4. Non-metric multidimensional scaling (NMDS) ordination graph with fitted environmental variables. Arrows
represent environmental variables that were most significantly (p < 0.005) related to ordination.

Ellipses indicate sites. The environmental factors are as follows:

N = nitrogen content (%);

P = phosphorus content (mg kg);

K = potassium content (mg kg1);

Habs = absolute height (m);

CC = canopy cover;

Asp = aspect of the quadrat;

Covbryolich = total coverage of bryophytes and lichens (%).
The list of species is as follows: Aepo = Aegopodium podagraria; Aruv = Arctostaphylos uva-ursi; Cavu = Calluna
vulgaris; Capa = Campanula patula; Caca = Carex caryophyllea; Cadi = Carex digitata; Coma = Convallaria majalis;
Deca = Deschampsia caespitosa; Defl = Deschampsia flexuosa; Emni = Empetrum nigrum; Epan = Epilobium angus-
tifolium; Fepo = Festuca polesica; Feru = Festuca rubra; Hium = Hieracium umbellatum; Lepa = Ledum palustre;
Luca = Luzula campestris; Lumu = Luzula multiflora; Lupi = Luzula pilosa; Lyan = Lycopodium annotinum; Lycl =
Lycopodium clavatum; Mabi = Maianthemum bifolium; Mepr = Melampyrum pratense; Mohy = Monotropa hypopitys;
Mymu = Mycelis muralis; Oxac = Oxalis acetosella; Pood = Polygonatum odoratum; Ruid = Rubus idaeus; Sidi =
Silene dioica; Sovi = Solidago virgaurea; Stgr = Stellaria graminea; Treu = Trientalis europaea; Vamy = Vaccinium
myrtillus; Vaul = Vaccinium uliginosum; Vavi = Vaccinium vitis-idaea.
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Table 6. Relationships between species composition (non-metric
multidimensional scaling (NMDS) ordination, Fig. 4) and environ-
mental variables on dunes. Bold values are variables presented as
arrows in Fig. 4.

Variable 12 p-value Level of significance
Haps 0.2541 0.001 Hkk
CC 0.2486 0.001 HokE
CoViryolich 0.2054 0.001 dok
Site 0.2949 0.001 Hkk
Niotal 0.2259 0.002 ok
Asp 0.1552 0.003 ok
K 0.2067 0.004 *%
P 0.1634 0.005 ok
Mg 0.1826 0.007 ok
VWCayer 0.1553 0.008 w3k
pH 0.1248 0.022 *
Ca 0.1180 0.030 *
Hrel 0.0942 0.062

EC 0.0809 0.073

Degr 0.0622 0.158

Loc 0.0497 0.225

(0] 0.0150 0.655

A 0.0103 0.744

PAR 0.0026 0.914

Significance codes: 0 “***70.001 “**>0.01 “**0.05 0.1 “* 1

Haps = absolute height of the quadrat location (m);

CC = average canopy cover;

CoViryolich = total coverage of bryophytes and lichens (%);
Niotal = average total nitrogen content (%);

Asp = aspect of the quadrat;

K = average potassium content (mg kg1);

P = average phosphorus content (mg kg™);

Mg = average magnesium content (mg kg1);

VWC,y.r = average soil water content (%);

pH = average soil pHpz0;

Ca = average soil calcium content (mg kg™!);

H;e = relative height (m);

EC = electrical conductivity (uS);

Degr = degree of inclination or ascent;

Loc = location on dune (bottom, slope, top);

O = average litter horizon thickness (cm);

A = average humus horizon thickness (cm);

PAR = average photosynthetically active radiation (umol m2 s1)
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4 Discussion

The most represented family on the studied dunes was the Poaceae with four species, followed by
the Asteraceae with three species. These results are similar to those of Ruocco et al. (2014), who
reported that the same families were most abundant on Mediterranean dunes. According to the
MRPP test, ground vegetation zonation was prevalent on the studied dunes, with indicator species
present for all zones. The zonation of ground vegetation is characteristic for dunes (Isermann 2005;
Mandre et al. 2006; Tilk et al. 2011). V. myrtillus had the highest indicator value for the bottoms of
the dunes and C. vulgaris for the tops. Only three species were determined to be indicators for the
slopes of the dunes. This is because the species composition on the slopes involved species from
bottoms and tops; therefore, the slopes can be considered transition zones.

The determination of factors that control the distribution patterns of plant communities
remains a central goal in ecology studies. Species composition and community structure in dune
forests is regulated by a variety of environmental factors. Based on the NMDS analysis, the most
significant factors influencing species composition in the studied dunes were related to the site,
such as absolute height, aspect and canopy cover of the quadrat, and its soil fertility, such as soil
total nitrogen, potassium and phosphorus content. The most relevant (p<0.001) environmental
variables influencing vascular plant species richness according to the model were quadrat location
and aspect on the dune, the amount of PAR, soil volumetric water and total nitrogen content. This
finding was in accordance with that of Pausas (1994), who concluded that main species richness
determinants in forests are solar radiation, altitude, soil nitrogen content and soil moisture.

In dune areas, topography plays an important role in soil development and therefore affects
the variability and distribution of vegetation (Jenny 1941; Sewerniak et al. 2017). Slope aspect also
has strong effects on vegetation in large-scale relief forms, but slope aspect also is an important
factor of inland dunes. North-facing slopes receive less solar radiation; these slopes have higher
moisture contents, lower temperature and higher fertility (Huang et al. 2015; Sewerniak 2016).
Both the model and the NMDS analysis confirmed that the aspect of the quadrat and the direc-
tion of transect had major influences on vascular plant species richness and composition, whereas
vascular plant species cover was unaffected by the aspect of the slope and quadrat. Just as the
aspect of the dune slope is important, the quadrat location on the dune is also highly important.
Our results showed that species richness and cover were affected by location. Low-situated soils
on the bottoms of dunes are characterised by much higher fertility and soil water content compared
with those of the slopes and tops of the dunes, which are usually dry and infertile; similar conclu-
sions were made by Ord (1972), Sewerniak (2016) and Sewerniak et al. (2017). The dominant
soil type of the studied dunes was a Haplic Podzol, which is usually acidic, with a pH in the range
of 4-5; the activity of microfauna is disrupted, which interferes with plant nutrition, especially
the nitrogen supply to plants (Lohmus 2004). Soil type and slope position affect soil fertility and
therefore affect ground vegetation abundance, composition and diversity (Hart and Chen 2006;
Tilk et al. 2011). The average pH of the studied dunes was 4.3, which is slightly lower than a
pH value of 5.0 reported by Mandre et al. (2006) in the same dune area. In our study, the soil pH
varied by nearly two units, possibly due to the relatively low vegetation cover and the rather high
diversity of vegetation, as suggested by Isermann (2005). Soil reaction significantly influences the
mineral nutrition of plants by directly or indirectly altering the availability of mineral nutrients to
plants (Kldseiko 2003; Marschner 2012). Our model results showed that an increase in soil pH
resulted in higher numbers of vascular plant species but negatively affected vascular plant species
coverage. Similar conclusions were reported by Grime (1973), who reported that the maximum
numbers of species in unmanaged grassland occur at a soil pH of 6.1-6.5; only a few species are
adapted to exploit highly acidic soils. Also, according to the NMDS, species composition mod-
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erately depended on soil pH. One method for obtaining information about soil nutritional status
is to evaluate EC; in the current study, significant differences were between the tops and bottoms
and between the slopes and bottoms of dunes at sites 2 and 3; sites 1 and 4 showed no significant
differences concerning soil EC based on location. However, according to the NMDS analysis,
electrical conductivity may be irrelevant.

The well-known pattern that species richness peaks at intermediate levels and starts to decline
at higher nutrient levels (Grime 1979) has also been demonstrated in dune areas (Lichter 1998).
The results of the current study also confirm this statement: according to the model, higher total
nitrogen content significantly reduces species richness. In addition, the NMDS analysis indicated
that nitrogen was a statistically important factor for modelling vascular plant species composition
on dunes. In contrast to the effect of nitrogen, the concentrations of potassium positively affected
vascular plant species richness and coverage according to model. The NMDS also indicated potas-
sium and phosphorus as variables that significantly affect species composition, whereas the effects
of calcium and magnesium were less significant in shaping species composition, although calcium
is often among the most important exchangeable cations in the growth substrate and can affect the
availability of other nutrients (Pausas and Austin 2001).

Light is the most important environmental factor affecting ground vegetation (Reich et al.
2012; Marialigeti et al. 2016). The results of current study showed that more light reduced the
number of vascular plant species in dune forests. We can assume that on dunes, ground vegetation
is stressed, and an increase in one stress factor decreases the number of different vascular plant
species and may increase the occurrence of specific cryptogams (Kosuthova et al. 2015). Separating
the effect of light from the availability of water to vascular plants is complicated, as solar radia-
tion affects both soil temperature and soil moisture, which, in turn, affect soil chemical properties
(Bravo et al. 2011). Our model indicated that while increased light reduced species richness, the
increase in volumetric water content increased species richness and also positively affected the
cover of vascular plants. Dunes are presumed to be highly limited by water stress because of their
sandy texture (Martinez and Psuty 2004). High topographical heterogeneity of dunes leads to
the formation of microhabitats with different soil water conditions. In this respect, we should not
underestimate the interaction between soil water content and ground vegetation, as dense ground
vegetation can affect soil moisture content, which was also reported by both Liu et al. (2010) and
Zheng et al. (2015). According to our results, in the spring, soil moisture was statistically lower
compared to summer and autumn measurements. Ground vegetation in the spring is sparse and
therefore unable to contain moisture in the soil, but in the summer and autumn, when vegetation
is thicker and in full growth, soil moisture is influenced by ground vegetation coverage.

According to our hypothesis, ground vegetation forms different vegetation zones and patches;
species composition at the bottoms of dunes differed significantly from that of other locations,
not only on the higher dunes but also on the lower dunes. However, between slopes and tops, no
significant differences were recorded; only at the highest site 2 there was significant difference in
species composition. Therefore, we can conclude that complex growth conditions at the bottoms
of the dunes are markedly different compared with those on the slopes and at the tops of dunes
even on relatively low dunes, resulting in substantially different vascular plant species richness
and composition.

In conclusion, factors affecting vascular plant species richness, composition and horizontal
structure are related to dune topography, leading to the differentiation of soils and therefore com-
plexes of different microhabitats that are populated by various vascular plant species.
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