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1

Introduction

Coastal marine ecosystems are territories with extremely high biodiversity and richness of natural
resources, close to which are concentrated the majority of the human population and their economic
activities. The significant increase of human population in the 20th century, combined with the
increase in agricultural and industrial productivity and the exploitation of marine resources, led to
significant negative changes in coastal marine ecosystem worldwide. The Bulgarian Black Sea
coast is no exception to this tendency and is a subject both to local and international anthropogenic
pressures coming from the major rivers flowing in the Black Sea.
Some of the most important shallow-water habitats along the Bulgarian Black Sea coast are those of
the brown macroalgae from the genus Cystoseira. These marine plants grow on rocky substrates
within the euphotic zone and create habitats with high plant and animal biodiversity, which play
substantial role in the functioning of coastal ecosystems. Recognizing the importance of these
macroalgae-dominated habitats, they are under the protection of national legislation and
international laws and conventions (Habitats Directive (92/43/EEC). The overall condition of the
habitats of Cystoseira spp. is one of the indicators of the ecological state of coastal ecosystems
according to the Water Framework Directive (2000/60/EC) as well as an indicator for reaching a
‘good environmental status’ in accordance with the criteria of the Marine Framework Directive
(2008/56/EC).
Until the late 1970s, Cystoseira communities were present along the whole Bulgarian Black Sea
coast (Петрова-Караджова, 1975). Recent studies showed a significant decrease in their presence
and complete disappearance from the two large coastal bays – Burgas Bay and Varna Bay –
eutrophicated coastal areas under high anthropogenic stress. The study of the degree, the
mechanisms and the possible reasons for the disappearance of Cystoseira spp. habitats under the
influence of anthropogenic stress in the specific conditions of the Black Sea coastal environment is
the major task of this dissertation.

2

Literature review

The review covers major studies of marine macroalgae in the Bulgarian section of the Black Sea, as
well as of genus Cystoseira both in the Mediterranean and Black Seas. It review some of the major
impacts of eutrophication on the structure and species diversity of macroalgal communities, as well
as the main periods of eutrophication impacts in the Black Sea ( pre-eutrophication period until the
late 1970s, period of high eutrophication impact between the 1980s and 1990s, a period of relative
recovery since 2000). It includes a discussion on the main principles of the WFD and some of the
methods for evaluation of the ecological state of coastal ecosystems, based on macroalgal
communities. The application of photographic and video methods for the investigation of marine
benthic ecosystems is also reviewed here.
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Main goal and tasks

Goal
The goal of this thesis is to study the structure and state of Cystoseira macroalgal communities
along an eutrophication gradient in the S Bulgarian Black Sea coast, through the usage of modern
methods of benthic ecology. It also aims to adapt and apply methods for the evaluation of the
ecological status of coastal waters following the guidelines of the EU WFD.
Tasks
1. Taxonomic description of the species diversity of the studied Cystoseira communities,
measurement of different quantitative parameters (biomass, coverage, depth of occurrence), as
well as the seasonal and spatial changes in these characteristics within the studied
eutrophication gradient.
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2. The measurement and analysis of a number of physical and chemical parameters of the water
column at selected stations in the study area including water transparency, PAR light
attenuation, nutrient and seston concentration.
3. The adaptation and improvement of methods for the studies of the structure of benthic
macroalgal communities based on digital underwater photography.
4. The study of the influence of the measured environmental parameters on the distribution and
state of the studied Cystoseira spp. communities
5. The adaptation and application of macroalgae-based WFD methods for the evaluation of the
ecological state of coastal ecosystems
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Materials and methods

Study area
This study was conducted at selected rocky reefs along the S coast of the Burgas Bay, between the
city of Burgas and Cape Maslen Nos. (Figure 1).

Figure 1 Map of the location of the sampling stations (grey triangle) and water monitoring stations (green circle) within
the Burgas Bay

Experimental design
This study is based on in-situ mensurative experiments (Hurlbert, 1984). The changes in the
environmental parameters characterizing the levels of eutrophication in the Burgas Bay were
monitored for the whole period of the study, including nutrients, chlorophyll-a and seston
concentrations, changes in water transparency and PAR attenuation, temperature regime, and
exposure to wave action. The changes of species composition and spatial and temporal changes in
community structure of Cystoseira barbata and Cystoseira crinita communities within the studied
eutrophication gradient in the Burgas Bay were also investigated. Two experimental hypotheses
were formed:
Hypothesis 1
Different levels of eutrophication impact, measured as concentrations of nutrients, seston and
chlorophyll-a have a significant impact on the diversity and spatial structure of Cystoseira spp.
communities within the studied Black Sea coastal area
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Hypothesis 2
Natural environmental factors related to the impact of wave exposure of the coastline have
significant influence on the diversity and structure of the studied Cystoseira spp. communities.
Sampling
Seven sampling station located on rocky substrates along the S Burgas Bay coast were selected.
(Figure 1). The transect method was applied for the sampling of macroalgal sampling in the upper
infralittoral, the transect method and stratified random sampling method were applied for the study
of macroalgal communities along depth gradients(Gambi & Dappioano, 2004) (Figure 2). Along the
studied transects at each sampling station 3-6 random quadrant samples (size 20/20 cm) were
collected by scuba divers. Sampling was done in 07.2009, 09.2009, 06.2010 and 09.2010. The
studied transects were also photographed with a digital underwater photography system. For the
study of the seasonal dynamics of C. crinita communities at Sozopol S station, every 3-4 months 2
random quadrant samples (20/20 cm) were collected at a horizontal rocky reef at depth of 1 m.

Figure 2 Sampling scheme applied at each sampling station

The identification of green, red and brown macroalgae was done according to the species
descriptions and identification keys of (Зинова, 1967; Димитрова-Конаклиева, 2000) taking into
account recent changes in taxonomy (Guiry&Guiry, 2011). The species identification of green
macroalgae from the genera Cladophora and Ulva was done according to Brodie et al. (2007). The
wet and dry biomass, horizontal projected cover of all sampled macroalgae was determined, as well
as the index of the specific surface coefficient (S/W surface-weight) of dominant species. The
Shannon’s H’ biodiversity index, Pielo’s J’ evenness index and the index of beta-diversity were
also calculated for all stations and sampling seasons.
Based on the quantitative data on horizontal projected cover and photo transect, a Bray-Curtis
similarity matrix was constructed, using the PRIMER 6 software (Clarke, 1993). The significant
differences between the outlined groups of samples in the MDS plot of the similarity matrix were
tested using the ANOSIM and PERMANOVA methods (Anderson et al., 2008). The contribution
of species to the structure of the outlined typical groups of macroalgae was analyzed with the
SIMPER procedure (Clarke & Warwick, 2001). The experimental hypotheses were tested with the
PERMANOVA procedure. The influence of the environmental, seasonal and geomorphological
factors (nutrients, chlorophyll-a and seston concentration, average seasonal temperature, levels of
PAR, wave exposure, substrate inclination) on the composition and structure of the studied
Cystoseira communities was evaluated by testing univariate correlations between the factors
(Pearson correlation) and by the multivariate correlation methods DistLM and dbRDA plots
(Anderson et al., 2008).
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For the purpose of evaluating the ecological state of coastal water, following the WFD guidelines,
the EEI (Orfanidis et al., 2001) and EEI-c (Orfanidis et al., 2011) indexes were adapted for the
specific conditions and species composition of the studied region. The morpho-functional index of
the three dominant species (S/W3Dp) and the index of the ecological activity of the phytocoenosis
S/Wph (Minicheva, 2012) were also applied and tested.
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Results – adaptation and improvement of the digital photo transect
methodology

The methodology for digital photography studies of the benthos that was applied in this dissertation
was based on the original method of (Preskitt et al., 2004). The quality and efficiency of the data
collection was significantly improved by the usage of a high-resolution camera Canon G10 (Canon
Inc. 2009), mounted in an IKELITE with an Ikelite DS-160 strobe and a WD-4 wide-angle lens
convertor, allowing the collection of good quality images even in the low-visibility turbid waters of
the studied area. The photographed quadrants were over three times the size of the original method
(0,632 m2 compared to 0, 18 m2), but with similar resolution of the photos.
The % coverage of the photos by different benthic organisms was analyzed using the point intercept
method (Ryan, 2004). The image analysis was performed with the CPCE 3.6 (Kohler & Gill, 2006)
software, using random stratified sampling distribution of sampling points. The comparison of
results with different numbers of sampling points with measurements of cover area done by manual
cover area measurement, determined that the optimal number of sampling points is ~100 per
image.
The technical and methodological improvements of the digital photo transect methodology done in
the course of this study were a basis for the registration of an utility model for a system for
georeferenced photogrammetric study of the benthos, registered with the Patent Office of Republic
of Bulgaria (www.bpo.bg) number 002242 from 10th of July 2012.
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Results- physical and chemical characteristics of the study area

Wave exposure
The cartographic evaluation of the exposure of the studied coastline (measured as a natural
logarithm of the linear distance towards the nearest coast in the direction of most significant waveaction in the Burgas Bay - NE), the stations Kraimorie, Atia, Sozopol S and Maslen S are weakly
exposed, station Agalina has intermediate exposure, the stations Sozopol N and Maslen N have high
wave exposure. These results are also confirmed by the application of the Baardseth exposure
index.
Temperature regime
The highest sea-water temperature in the study area were measured in August (29,49 °С on
17.8.2010 and 26,28 °С on 7.8.2009), the lowest – in February and March (3,25 °С on 5.2.1010 and
4,06 °С on 10.3.2011). Water temperature in the summer of 2010 was over ~ 3°С higher than that
in 2009, which was a result of a prolonged period of positive temperature anomalies over the W
Black Sea and European Continental Russia and Ukraine (Sedlacek et al., 2011).
Nutrients
Results from the nutrient monitoring program reveal a clear gradient of decreasing average,
minimum and maximum concentrations of nutrients, seston and Chl-a from the inner section of the
Burgas Bay Southwards to Cape Maslen Nos. This prevalent eutrophication gradient is clearly
visible also in the spatial interpolation of the average nutrient concentrations for the two year period
of the study (Figure 4). The decrease in nutrient levels towards C. Maslen Nos is paralleled by a
gradual increase in the water transparency and PAR light penetration depths in the water column
Figure 3. There is a significant increase in the depth of the 10-40% PARsurf. -From 6 m at Kraimorie
to 10-11 m around Agalina-Maslen Nos.
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Figure 3 Cross-section between the monitoring stations Kraimorie and Maslen Nos of the average PAR for the study
period

Figure 4 Spatial visualization of the average concentrations of total (а), nitrates (b), ammonia (c), phosphates (d),
seston (e) and chlorophyll-a (f) in surface waters
in the study area for the period
07.2009-06.2011
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These observed differences in nutrient concentrations and light regimes in the study area are
confirmed statistically, where two areas with significant difference in the values of these parameters
are established – ‘area of elevated eutrophication impact’ ( between Kraimorie and c. Akin), and
‘area of limited eutrophication impact’ ( between Sozopol and c. Maslen Nos) (one-way
Permanova, pseudo-F= 15,7; p<0,001).
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Results – species composition of C. crinita and C. barbata communities

Comparison of C. crinita Duby and C. bosphorica Sauv.
The original description of the Black Sea brown macroalgae, classified presently as Cystoseira
crinita Duby was done by the French algologist Sauvageau in 1912 based on samples collected in
1840 around Istanbul, Bosphorus channel (Buyuk-Dere) by M. Bornet (Herbarium Thuret,
TA7005). Sauvageau found the species to be different from any known members of the genus
Cystoseira from the Mediterranean Sea, and established it as novel species named Cystoseira
bosphorica Sauv. This nomenclature was widely accepted by algologists working in the Black Sea
in the first half or the 20th century, who described the presence of the species in Russia and Ukraine
(Zinova, 1967), Romania(Celan, 1935) , Bulgaria (Petkoff, 1932). In 1974 Zinova and Kalugina
reevaluated the status of this species and concluded that C. bosphorica Sauv. from the Black Sea is
morphologically identical to C. crinita Duby from the Mediterranean (Зинова and Калугина,
1974). This change was widely accepted by all algologists working in the Black Sea region and
was used in all studies along the coasts of Russia, Ukraine, Romani and Bulgaria since then.
The equation of C. bosphorica Sauv. to C. crinita Duby has recently been questioned when
samples of the species from the Mediterranean and the Black Sea were compared
(Ballesteros&Sales, 2008, personal communication; Cormaci et al., 2012). In order to re-examine
the status of the Black Sea macroalgae currently classified as C. crinita Duby, a study with the
participation of Mediterranean macroalgal taxonomy and ecology experts was initiated ( E.
Ballesteros and M. Sales, CEAB-CSIC, Spain and M. Verlaque, Centre d’Océanologie de
Marseille). Samples of the Black Sea species, collected at the area of Sozopol were compared with
samples of C. crinita Duby from Menorca, Spain, as well as with the herbarium holotype of C.
bosphorica Sauv. (ТА7005).
Initial results indicate that the species described in the Black Sea in the last 40 years after the
publication of Zinova&Kalugina (1974) as Cystoseira crinita has significant morphological
differences from the W Mediterranean species Cystoseira crinita Duby. The two plants differ in the
overall structure and shape of their branches, in the presence and shape of the air vesicles, as well as
in the morphology of their reproductive structures. There are also significant differences in the
habitat preferences of the two species – the Black Sea plants are adapted to very expose shores
whereas the Mediterranean species is found only in sheltered and semi-sheltered inner bays and
coves. The morphology of the C. crinita plants typical for the Bulgarian Black Sea coast is identical
to that of the holotype specimen of Cystoseira bosphorica Sauv. –in the shape and morphology of
the main axes, the presence and shape of the air vesicles and reproductive structures. Based on these
results it can be concluded that the Black Sea species should be reinstated to its previous species
status – that of Cystoseira bosphorica Sauvageau. The confirmation of this conclusion cannot be
done without the help of genetic tools for species comparisons, which at present are in their initial
development for the genus Cystoseira (Draisma et al., 2010). In order to avoid the erroneous
interpretation of the results from this dissertation by researchers in the Black Sea area, the
Cystoseira species that is studied in this work is named Cystoseira crinita Duby.
Species composition of Cystoseira communities
42 underwater transects were completed during this study, from which 166 destructive samples
were collected and 654 photos of the benthos were taken, covering a total area of 407,6 m2.
In total 61 species of macroalgae were identified - 34 Rhodophyta, 15 Chlorophyta и 12
Ochrophyta (see (Berov et al., 2012; Dimitrova-Konaklieva et al., in review) for complete species
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list). The list includes 23 species previously undescribed in the Sozopol-Tsarevo floristic sub region
of the Bulgarian coast, but known from other floristic regions.
The gradient of eutrophication impact in the Burgas Bay had a strong impact on the taxonomical
structure of the studied macroalgal communities– decrease in the number of Ochrophyta and
Rhodophyta, an increase in the numbers of Chlorophyta (Figure 5). Communities from the upper
infralittoral from the area of Sozopol S had the highest values of H’, followed by Maslen S and
Agalina, and reached its minimum values at the area of Kraimorie
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Figure 5 Overall number of red, brown and green macroalgae in samples from the study stations and values of the P/R
floristic index

Linear correlation between the horizontal projected cover and dry biomass
The parallel measurements of the horizontal projected cover and dry biomass of C. crinita и C.
barbata in the quadrant samples , led to the following correlations between the two parameters:
For C. barbata:
Y= 0,0368x – 45,69 (R2= 0,9554), where Y- dry biomass (g/m2), а x – horizontal projected
cover(cm2/m2)
For C. crinita:
Y= 0,0351x – 78,108, where Y- dry biomass (g/m2), а x – horizontal projected cover(cm2/m2)
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Upper infralittoral macroalgal communities structure

The phytobenthos in the upper infralittoral at Atia, Sozopol N, Agalina and Maslen N is dominated
by C. crinita, at Sozopol S by C. barbata, at Maslen S by C. barbata and C. crinita, and at
Kraimorie – by green and red macroalgae with the complete absence of Cystoseira spp.
The MDS ordination of the Bray-Curtis similarity matrix of sampling data clearly shows four
distinct groups with different species structure. The SIMPER analysis of this data outlines the most
typical species for these macroalgal communities:
C. crinita strongly dominates communities at Atia, Sozopol N, Agalina and Maslen N (84,79%
contribution), followed by C. sericea (2,66%), Ulva rigida (2,19%), Polysiphonia subulifera
(1,85%), Gelidium spinosum (1,54%) and Ceramium strictum (1,38% ).
C. barbata dominates at Sozopol S and Maslen S (57,82% contribution), together with P.
subulifera (14,35%), U. rigida (11,52%), Cladophora sericea (5,45%), Ceramium virgatum
(3,6%) and others.
Three distinct seasonal green and red macroalgal communities were detected at Kraimorie. In
the summer of 2009 and 2010 was present a community dominated by U. rigida (87,56%
contribution), Gelidium spinosum (5,45%) and Cladophora sericea (3,15%) and a second
community dominated by Cladophora albida (48,32%), Ulva rigida (36,29%) and Ulva
intestinalis (12,23%). In 09.2010 dominant species included C. sericea (63,83) and G. crinale
(36,17%), as well as a wide-spread colonization of rocky substrates by blue-green microalgae.
These groups of plants are the typical upper infralittoral macroalgal communities of Cystoseira
spp. and opportunistic green and red macroalgae for the studied Burgas and Sozopol floristic
regions. The species composition and quantitative structure of the two Cystoseira communities
differ significantly from the phytocoenological descriptions of macroalgal communities in the N
section of the Black Sea (see (Kalugina-Gutnik, 1975)
Hypothesis 1 – impact of eutrophication
The macroalgal communities in the upper infralittoral at stations in the two distinct zones of
eutrophication impact are significantly different ( destructive samples - one-way ANOSIM, r=0,264
p>0,05; photo transects samples – one-way ANOSIM, r=0,334, p>0,01). This result confirms the
significant impact of different levels of eutrophication on macroalgal communities in the study area.
Hypothesis 2 – impact of wave action
The cartographic evaluation of the wave impact on the studied coastal areas outlined two zones
where hypothesis 2 could be testes – Sozopol and Cape Maslen Nos. At both of these areas there
are pairs of macroalgal study stations located at a distance several hundred meters from each other
in waters with identical nutrient loads and eutrophication impact, but with distinct orientation and
exposure to wave action. The upper infralittoral macroalgal communities at these pairs of stations
are significantly different (Sozopol S- Sozopol N – R(samples)=0,917, p,0,01; R(photo
transects)=0,771,p<0,01; Maslen N- Maslen S – R(samples)=0,557, p<0,05; R(photo
transects)=0,988,p<0,01). This result confirms the experimental hypothesis 2 and indicates the
significant impact of the degree of exposure of the upper infralittoral to wave action on their
composition and structure.
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C. crinita, which dominates at the exposed stations Sozopol N and Maslen N, is adapted to survival
and growth in exposed coasts through the increased strength and flexibility of the plant’s main axes,
which have thick cuticle and a very strongly attached crampon (Калугина-Гутник, 1975). C.
barbata which is absent at these exposed stations, but dominates at the sheltered Sozopol S and
Maslen S, has a more fragile main stem and a weaker-attached crampon. C. barbata plants are
colonized by a much higher number of epiphytic green and red macroalgae than C. crinita, which is
also partially due to the differences in the strength of wave impact. The overall result of this
structuring process is the gradual increase in the presence of C. barbata with the decrease of wave
exposure (with the change of coastal orientation from N-NE towards SE-S) in the study area.

9

Depth structure of Cystoseira spp. in the study area

9.1

Community structure
Figure 9 - Figure 12 present a summary of the quantitative change in structure in macroalgal
communities in depth and within the studied gradient of eutrophication.
The MDS ordination of the Bray-Curtis similarity matrix of the same sample data clearly outlines
the presence of several groups of macroalgae. (Figure 6). The average % of PARsurf. reaching the
depth of sampling was determined to correlate best with the changes in community structure with
depth and with the changing levels of eutrophication impact in the study area(Permanova test:
pseudo-F=80,906, p<0,0001). The grouping of macroalgae in accordance with the % PARsurf. is
related to the natural change in light quantities with depth, but also reflects the decrease in water
transparency as an end result of the cascade of processes in the water column under eutrophication
impact.
The SIMPER analysis of the typical groups of species according to % PARsurf. outlines seven
typical macroalgal communities inhabiting depths with different levels of illumination and wave
exposure:
C. crinita-dominated communities (contribution 70,07- 74,91%), with the presence of P.
subulifera (21,6-11,67%), Cladophora spp. ( 3,69-1,44%) and Gelidium spp. (3,09%) are
typical for exposed coasts and depths with - 60-70% от % PARsurf. and 40-60% PARsurf.
C. barbata-dominated communities (43,54%) with the presence of U. rigida (20,07%) ,C.
crinita (7,07%), Cladophora spp. (6,07%) and P. subulifera (5,43%) dominate the benthal on
more sheltered coasts and at depths with illumination levels of 40-60% PARsurf.
With the decrease of illumination down to 20-30% 40-60% PARsurf. the contribution of C.
crinita to community structure decreases (27-38%), that of– U. rigida(21-28%), Cladophora sp
(9,6-18,9%), Gelidium sp.(8,3-11,3%) increases.
At depths close to the lower depth limit of distribution of macroalgae in the study area with
average illumination of 10-20% PARsurf., two distinct groups of macroalgae with the presence
of C. barbata (28,1-41%), U. rigida (9.9%-28,3%) in both of them , along with the presence
of Black Sea sciophylic macroalgae like Polysiphonia elongata (4,8%), Antithamnion
cruciatum(7,8-16,8%), Zanardinia typus(5,7%), Ceramium virgatum (6,8%), Gelidium spp.
(2,9-12,4%) and others;
There are clear tendencies for the gradual expansion depth of distribution of all of the above typical
macroalgal communities with the decrease of eutrophication impact within the Burgas Bay:
The depth limit of distribution of macroalgal communities typical for 40-60% PARsurf.
increases almost threefold towards the outside of the Burgas Bay - from 1 m at Atia down to 34 m at Cape Maslen Nos
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The depth distribution of communities typical for the 20-40% PARsurf. characterized by the
presence of C. barbata, U. rigida and other green and red macroalgae increases twofold within
the study area – from 2-3 m on the inside of the Burgas Bay down to 5-6 m at stations S of
Sozopol
The increase of the depth of distribution of the communities typical for 10-20% % PARsurf. is
even more pronounced – twofold, from 6 m in the inner Burgas Bay down to 11 m at the C.
Maslen Nos area
The outlined change in the depth structure of Cystoseira-dominated macroalgal communities in
relation with the levels of PAR could be applicable as a model predicting the structure of
macroalgal communities in other areas of the Black Sea where similar processes of eutrophication
impact and natural factors structuring are present.

Figure 6 MDS ordination of the Bray-Curtis similarity matrix of photo transects of all stations and sampling periods of
the study. MDS axes and species vectors are correlated (Pearson, r=0,3). The analysis is based on 651 samples.
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Seasonal dynamics in species composition and structure of Cystoseira crinita-dominated
communities
The quantities of samples C. crinita undergo significant seasonal changes over the course of the two
year study. The species’ biomass increases from the winter towards spring, reaching its maximum
values in May-June and again decreases at the end of the summer, reaching minimum values by
September. The decrease in biomass in the summer of 2010 is much more severe than that in 2009,
which corresponds to the period of extremely high water temperature in 07-08.2010 and is probably
related to the negative impacts of this untypical climate event. The summer of 2010 is also a period
of mass development of warm-water opportunist macroalgal epiphytes such as Cladophora albida и
Acrochaetium secundatum, which were not observed in any of the other sampling periods in such
quantities.
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Figure 7 Average horizontal projected cover from samples taken at 1 m depth at the C. crinita study site, Sozopol in the
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Figure 8 Legend for Figure 9, Figure 10, Figure 11, Figure 12

The structure of the studied C. crinita communities also follows certain seasonal and internal
patterns of change (Figure 7).
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10 Influence of environmental factors on Cystoseira community structure
10.1 Univariate correlations
The quantities of C. crinita correlate negatively with (R=-0,509; p<0,001) and strongly positive
with %PARsurf.(R=0,547; p<0,001), C. barbata quantities correlate weakly negatively with
%PARsurf. (R=-0.107; p<0,01). The quantities of the two Cystoseira species have significantly
different correlations with the strength of the wave-impact– C. crinita correlates positively
(R=0,390; p<0,001) C. barbata – negatively(R=-0,397; p<0,001).The two species also display
different sensitivity to the levels of eutrophication impact.
The quantities of C. crinita correlate negatively with NH4 (R=-0,226; p<0,1) , NO3 (R=-0,238;
p<0,05), Ntot.. (R=-0,280; p<0,05), PO4 (R=-0,246; p<0,05) seston (R=-0,180; p<0,00)1 and (R=0,200; p<0,001), while C. barbata correlates strongly negative with seston (R=-0,328; p<0,01) and
chlorophyll-a concentration(R=-0,338; p<0,01), and weakly with [NH4] (R=-0,1;p<0,001) and
[PO4](R=0,08; p<0,001). These significant differences indicate that C. barbata is somewhat
adapted to moderate eutrophication impact and could fit in the ESG 1B of Orfanidis et al. (2011),
while C. crinita is highly sensitive to anthropogenic eutrophication and fits in the ESG IA
category of the same authors.
Several other functional groups ( in accordance with Orfanidis et al. (2011) could be outlined
among the dominant macroalgal species in the Cystoseira spp. communities:
Opportunistic species which quantities correlate positively with the increase in nutrient
concentration (ESG IIB) These include U. rigida (correlating positively with [NO3],[PO4]), C.
albida (positive correlation with [N-inorg], [ NO2],[NO3]), B. plumosa ( positive correlation with
[N-inorg], [NO2],[NO3]), и P. subulifera (positive correlation with [PO4]) Ceramium sp., Ulva
intestinalis/U. linza, C. corymbosum and others (see Error! Reference source not found.).
Sensitive macroalgal species which quantities correlate negatively with the increase in the
concentration of nutrients, seston and chlorophyll-a, but are also present in areas with higher
levels of eutrophication impact (ESG IIA). These include Gelidium sp. (negative correlation
with [Chl-a],
[seston], [NH4], [NO3], [Ntot.], [PO4], Polysiphonia elongata (negative
correlation with [Chl-a], [seston] and [PO4]), Zanardinia typus ( negative correlation with [Chla] and seston), Antithamnion cruciatum ( negative correlation with [PO4]), Acrochaetium
secundatum ( negative correlation with [N-inorg.], [PO4]), and Ceramium strictum (negative
correlation with[Ntot.]).
10.2 Multivariate correlation analysis
The applied DistLM correlational model explains 53,83% of the total variation between samples
and a number of environmental factors. The factors that when evaluated separately have the highest
influence on macroalgal communities are those related to changes in the geomorphology and
hydrodynamics of the study area – depth, substrate inclination, wave exposure and geographical
orientation (Table 1). From the factors related to the anthropogenic eutrophication of coastal waters,
those with most significant impact are % PAR surf., [PO4], [Chl-a] and seston.
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Table 1 Results from the DistLM analysis of the influence of environmental factors on macroalgal communities
structure(marginal test).

variable
depth
% PAR surf.
inclination
Chl-а
seston
NH4

Pseudo-F
96.466
99.09
63.653
46.779
34.039
18.365

P
0.001
0.001
0.001
0.001
0.001
0.001

Prop.
13%
14%
9%
7%
5%
3%

NO3

15.397

0.001

2%

Ntot

20.998

0.001

3%

PO4
orientation
wave exposure
Temp. 60 days
Dist. Burgas

36.072
26.008
66.665
48.792
22.399

0.001
0.001
0.001
0.001
0.001

5%
4%
10%
7%
3%
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Figure 9 Average per meter-depth intervals photo cover of the benthos by dominant benthic organisms in 07.2009
(figure legend -Figure 8)
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Figure 10 Average per meter-depth intervals photo cover of the benthos by dominant benthic organisms in 09.2009
(figure legend -Figure 8)
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Figure 11 Average per meter-depth intervals photo cover of the benthos by dominant benthic organisms in 06.2010 (
figure legend - Figure 8).
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Figure 12 Average per meter-depth intervals phоto cover of the benthos by dominant benthic organisms in 09.2010
(figure legend - Figure 8).
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The analysis of the combined effect of groups of environmental factors demonstrates a significantly
higher structural impact of the geomorphology-related factors (depth, substrate inclination,
orientation, wave exposure) in comparison with eutrophication factors ([NH4], [PO4],[NO3] и
[Ntot],[Chl-a], [seston]. %PARsurf.) and factors related to natural seasonal changes ( average twomonth water temperature):
Table 2 Results from the DistLM marginal tests analysis of the influence of groups of environmental factors on the
structure of the studied macroalgal communities

variable
geomorphology
eutrophication
seasonal changes

Pseudo-F
74.89
45.12
48.79

P
0.0001
0.0001
0.0001

Prop.
32%
34%
7%

10.1 dbRDA interpretation of the DistLM analysis
The dbRDA analysis of the DistLM model results revealed the main directions of change in the
studied Cystoseira communities under the impact of the impact of the analyzed environmental
factors (Figure 13).
In this model dbRDA1 explains 56 % of the sample variation and is the main axis of change within
the studied communities. The change in structure along dbRDA1 can be interpreted as a change in
macroalgal community structure with the increase in depth, the decrease in wave exposure, decrease
in the amounts of %PARsurf., as well as changes in substrate inclination.
dbRDA2 explains 19% of the sample variation fitted in the DistLM model and correlates
strongly with factors related to the eutrophication impact and natural seasonal changes. The axis
correlates strongly positive with [PO4] (r=0,472), [NO3] and [Ntot.], strongly negatively with the
average two-month temperatures ‘(r=-0,641) and less strongly with [Chl-a] , [сестон], [NH4] and
wave exposure. Macroalgal communities displaced in a positive direction along this axis are typical
for seasons with lower water temperatures (spring-early summer) with increased (spring)
concentrations of phosphates and nitrates. Communities displaced in a negative direction along
dbRDA2 are typical for higher water temperatures and periods with increased concentrations of
ammonia, chlorophyll-a and seston.
Figure 14 summarizes and conceptualizes the range of impacts of the studied environmental factors
and the directions of change in the macroalgal communities they generate.
10.2 Discussion
Geomorphological factors:
The mechanisms of impact of hydrodynamism and wave action on macroalgal communities is
related to a number of physical and biological processes occurring within the plant communities.
For example, C. crinita is well adapted to withstand increased wave action through the thick cuticle
of its’ main stems, which make it very flexible and hard to break off, an adaptation which is not
observed in C. barbata (Kalugina-Gutnik, 1975). The energy expenditure for growth and
development in these more demanding environmental conditions could be compensated by a
number of positive gains from this environment, like higher fluxes of nutrients and oxygen, faster
release of waste products, or less competition for light and nutrients with other less resistant species
(Kain&Norton, 1990; Hurd et al., 1996; Kiirikki, 1996). The influence of the geographical
orientation of the substrate on community structure is most likely linked to the significant
differences in the levels of solar irradiation on surfaces with different orientation and slope, e.g.
South-facing benthic substrates support macroalgal communities with the higher levels of primary
production (Миничева et al., 2011). The influence of the substrate inclination is also related to the
changes in the amounts of sediments that precipitate and remain on the bottom (Eriksson &
Bergström 2005; Piazzi & Balata 2011), as well as with the preferences of certain macroalgal
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species to substrates with different angles (Santos 1993; Diez et al. 2003; Eriksson & Bergström
2005).
Nutrients: The increase in phosphate and nitrate concentrations towards the inside of the Burgas
Bay stimulate the development of opportunistic macroalgae such as the green Ulva rigida, U.
intestinalis, U. linza, Bryopsis plumosa, and the red Polysiphonia subulifera and Callithamnion
corrymbosum. The increase in ammonia concentrations in the season of higher water temperatures
( July-August) correlate with the mass development of warm-temperature adapted green macroalgae
in the studied Cystoseira communities such as Cladophora sericea и C. albida, as well as the
development of blue-green benthic microalgae in the upper infralittoral in the most eutrophicated
areas of the study area where Cystoseira spp. is absent. The overall increase in nutrient
concentrations correlates well with the decrease of the depth of distribution of communities
dominated by C. barbata, C. crinita and sciophylic brown and red macroalgae.
Chlorophyll-a and seston:
The influence of nutrient concentrations, established in this study, correlates strongly with the other
two environmental factors closely related to the processes of anthropogenic eutrophication – the
chlorophyll-a and seston concentrations. The most pronounced effect of the increase in
phytoplankton development as a result of the increased nutrient concentrations is related to the
resulting decrease in water transparency and depth of PAR penetration, which inevitably leads to
changes in the depth structure of macroalgal communities(Ballesteros, 1991; Markager & SandJensen, 1992; Berger et al., 2004; Krause-Jensen et al., 2008). The increase in the concentrations of
suspended particulate matter affects macroalgal communities both by decreasing the light
penetration in the water column (Chresten 2004) and by impeding the colonization of rocky
substrates covered by settled organic aggregates and inorganic sediment by certain macroalgal
species (Airoldi 2003).. The presence of settled particulate matter probably impacts most severely
the development of newly-settled Cystoseira spp. plants (Irving et al., 2009).
Depth and PAR: The change in depth and the parallel decrease in the illumination is the most
important factor for the structuring of Cystoseira spp. in the eutrophication gradient of the study
area. The significant decrease in the average amount of light ( measured as %PAR surf.) reaching
similar depths towards the inner more eutrophicated section of the Burgas Bay results in a shift
towards shallower depths of the whole depth sequence of macroalgal communities and the gradual
disappearance of sciophylic species. The significant structural influence of the factor %PAR surf. on
the studied Cystoseira spp. communities integrates the combined effect of the natural decrease in
the amounts of light in depth and the influence of the increase in eutrophication on the light regime.
These observations are in accordance with other studies of the factors influencing the depth
structure of macroalgal communities e.g. in the Mediterranean (Ballesteros, 1992; Garrabou et al.,
2002b; Cebrián & Ballesteros, 2004) and the Baltic Seas(Eriksson & Bergström 2005).
Temperature: The severe effects of extremely high temperatures in the summer of 2010 on the
structure of Cystoseira spp. are related to the mass development of untypical epiphytes – the green
warm-water species Cladophora sericea and Cladophora albida, and the red Acrochaetium
secundatum, as well as the disappearance of typical species like Ulva rigida, Polysiphonia
subulifera which seem to be intolerant to such high sea water temperature ( < 29-30 °C). These
temporary changes in the structure of the Cystoseira spp. communities could be an indication of the
possible long-term changes in the Black Sea flora with the likely increase in water temperatures in
the coming decades.
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Figure 13 Distance-based RDA visualization of the DistLM model results in Table 2
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Figure 14 Conceptual model of the change in the structure of macroalgal communities in the study area under the influence of eutrophication-related and natural environmental
factors. Blue arrows indicate shifts between communities under the influence of ‘natural’ factors, red arrows – shifts triggered by the influence of eutrophication-related factors.
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11 Results – WFD-based ecological status evaluation of coastal ecosystems
11.1 Application of the EEI and ЕЕI-c indices
The correlations between the levels of eutrophication impact and the presence and quantities of
different macroalgal species in the study area were used as a basis for species classification in the
morpho functional categories used in the application of the EEI and EEI-c methods (
Table 3).
Table 3 Classification of macroalgal species in accordance with the EEI and EEI-c eutrophication sensitivity categories

RHODOPHYTA
Bangiadulcis atropurpurea (Roth) W. A.
Nelson
Porphyra leucosticta Thuret
Acrochaetium secundatum (Lyngbye) Nägeli
Stylonema alsidii (Zanardini) K.Draw
Rhodochorton purpureum (Lightf.) Rosenv.
Nemalion helminthoides (Velley) Batters
Gelidium crinale (Turner) Lamour.
G. spinosum (Gmelin) Silva
Phyllophora crispa (Hudson) P.S.Dixon
Corallina elongata Ellis & Solander
Haliptilon virgatum (Zanardini) Garbary et
Johansen
Hildenbrandia rubra (Sommerf.) Meneg.
Lomentaria clavellosa (Turner) Gaillon
Callithamnion corymbosum (Smith)
Lyngbye
Antithamnion cruciatum (C.Agardh) Nägeli
Ceramium arborescens J. Agardh
Ceramium pedicellatum C. Agardh
C. virgatumRoth
C. secundatum Lyngbye
C. diaphanum (Lightfoot) Roth
var. elegans (Roth) Roth
C. tenuicorne (Kützing) Waern
Apoglossum ruscifolium (Turner) J. Ag.
Polysiphonia subulifera (C. Agardh) Harv.
Polysiphonia elongata (Huds.) Harv. in
Hooker
P. fucoides (Huds.) Grev.
P. denudata (Dillwyn) Greville ex Harvey
P. opaca (C.Agardh) Moris & De Notaris
OCHROPHYTA
Feldmannia irregularis (Kütz.) G.Hamel
Ectocarpus siliculosus (Dillwyn) Lyngbye
Corynophlaea umbellata (C. Ag.) Kütz.
Myriactula rivulariae (Suhr.) J. Feldman

EEI

EEI-c

ESGII
ESGII
ESGII
ESGII
ESGI
ESGI
ESGI
ESGI
ESGI
ESGI

IIB
IIB
IIB
IIA
IC
IIA
IIA
IIA
IA
IC

ESGI
ESGI
ESGI

IC
IIA
IIA

ESGII
ESGII
ESGII
ESGII
ESGII
ESGII
ESGII
ESGII
ESGII
ESGI
ESGII

IIB
IIA
IIA
IIB
IIB
IIB
IIA
IIA
IIA
IIA
IIA

ESGII
ESGII
ESGII
ESGII

IIA
IIA
IIA
IIA

ESGII
ESGII
ESGI
ESGI

IIB
IIB
IIA
IIA
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Stilophora tenella (Esper) P.C.Silva
ESGI
IIA
S. nodulosa (C.Agardh) P.C.Silva
ESGI
IIA
Zanardinia typus (Nardo) G. Furnari
ESGI
IC
Sphacelaria cirrhosa (Roth.) C. Agadh
ESGI
IIA
Cystoseira barbata C. Agardh
ESGI
IB
C. crinita Duby
ESGI
IA
= C. bosphorica (Sauvageau)
CHLOROPHYTA
Bryopsis plumosa (Hudson) C.Agardh
ESGII
IIB
Chaetomorpha aerea (Dillwyn) Kützing
ESGII
IIB
C. linum (O. F. Müller) Kützing
ESGII
IIB
Cladophora albida (Nees) Kützing
ESGII
IIB
C. coelothrix Kützing
ESGII
IIB
C. sericea (Hudson) Kützing
ESGII
IIB
Ulothrix flacca (Dillwyn) Thuret
ESGII
IIB
Ulva intestinalis L.
ESGII
IIB
U. linza L.
ESGII
IIB
U. compressa L.
ESGII
IIB
U. flexuosa Wulfen
ESGII
IIB
U. rigida C. Agardh
ESGII
IIB
U. prolifera O. F. Müller
ESGII
IIB
The values of ECS following the EEI and EEI-c methods confirm the presence of two distinct areas
with different ecological state, that was outlined in Chapter 6 (Table 4, Table 5). A clear seasonal
change in the ECS values is also visible. The overall increase in the values of ECS from summer
towards the autumn with both EEI and EEI-c methods in Cystoseira spp.-dominated areas is mostly
due to the reduction in the quantities of seasonal summer species of green (Ulva rigida, Cladophora
spp., Chaetomorpha spp.) and red (Polysiphonia subulifera, Ceramium spp.) macroalgae from the
ESGII category and the continuing presence of the perennial Cystoseira spp. This natural process
of disappearance of seasonal algae from the EEI ESGII and the EEI-c IB and IIB categories, which
leads to an increase in the values of ECS is not related to any anthropogenic disturbance of the
coastal ecosystems and should be taken into account when applying these metrics.
Table 4 Monthly values of ECS for statins from the study area following the EEI method and using data from
destructive sampling and photo transect studies of the upper infralittoral macroalgal communities
Kraimorie

Atia

Soz N

Soz S

Agalina

Maslen N

Maslen S

samples

2

-

8

6

6

-

6

photos

2

-

8

2

8

-

6

samples

-

10

10

6

-

10

-

photos

2

10

8

6

-

10

-

samples

2

6

6

6

6

8

-

photos

2

6

8

8

8

8

-

samples

2

10

6

6

8

10

8

photos

2

10

8

6

10

10

10

EEI
07.2009

09.2009

06.2010

09.2010
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Table 5 Monthly values of ECS for statins from the study area following the EEI-c method and using data from
destructive sampling and photo transect studies of the upper infralittoral macroalgal communities
Kraimorie

Atia

Soz N

Soz S

Agalina

Maslen N

Maslen S

samples

2,53

-

9,93

6,29

6,24

-

4,92

photos

2,8

-

7,59

2,85

8,04

-

6

samples

-

10

10

6,63

-

10

-

photos

2

10

8,1

6,39

-

10

-

samples

2,62

8,51

8,32

6,33

10

10

-

photos

2,7

6,81

7,36

6,76

8,05

10

-

samples

4,85

10

6,61

6,62

8,29

10

10

photos

2,82

10

6,74

4,73

9,57

10

7,8

EEI-c
07.2009

09.2009

06.2010

09.2010

11.2 Usage of the digital photo transects method for ECS evaluation
The ECSs calculated from destructive samples and digital photo sampling of the same sampling
transects have similar values and have good correlations (R2=0,76 for EEI and R2=0,85 for EEI-c).
These good correlations indicate that the digital photo transects methodology can be used for
collecting quantitative data on macroalgal communities structure in ecological status monitoring
surveys based on the EEI and EEI-c . The usage of this nondestructive method has some significant
advantages over the classical destructive sampling approach:
Plant species with high conservation value are not destroyed during sampling
Large number of samples can be collected for a short period of underwater SCUBA work
Possibilities for studies of the seasonal succession of the same plant communities in fixed
sampling plots
Creation of permanent digital image libraries for future references and data analysis
11.3 Ecological state of water bodies along the Bulgarian Black Sea coast in 2009-2011
The yearly average values of EEI-c from sampling stations, , within the borders of the officially
accepted marine water bodies along the Bulgarian Black Sea coast, studied during the work on this
dissertation are presented in Таблица 6. The gradual increase in the ECS of water bodies S of
Burgas Bay corresponds with the established in Chapter 6 decrease in the eutrophication impacts
as well as in Chapter 9 and 10 overall improvement in the structure and distribution of Cystoseira
spp. communities. Between 2009 and 2010 the water body BG2BS000C008 had a relatively stable
ecological status, while BG2BS000C012 displayed a slight improvement. It should be noted that
these evaluations are based on a limited number of sampling stations that do not cover the whole
range of the studied water bodies, which makes them only preliminary.
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Table 6 ECS evaluation of water bodies along the Bulgarian Black Sea coast for 2009, 2010 and 2011 based on the
EEI-c methodology
Water body

Name of water body

EEI-C

ECS

BG2BS000C008 Burgas Bay < 30 m

4.84

Moderate

BG2BS000C011 C. Akin- C. Korakia

7.56

Good

BG2BS000C012 C. Korakia - Rezovska river

7.46

Good

BG2BS000C008 Burgas Bay < 30 m

6.49

Good

BG2BS000C011 C. Akin- C. Korakia

7.7

Good

BG2BS000C012 C. Korakia - Rezovska river

10

High

5.47

Moderate

2009

2010

2011
BG2BS000C006 C. Ilandjik - 27°53'43"/42°58'17"
BG2BS000C007

27°53'43"/42°58'17" – C. Emine

10

High

BG2BS000C012 C. Korakia - Rezovska river

7.94

Good

BG2BS000C013 Albena resort – C. Ilandjik

2.35

Poor

5.47

Moderate

2010-2011
BG2BS000C006 C. Ilandjik - 27°53'43"/42°58'17"
BG2BS000C007 27°53'43"/42°58'17" – C. Emine

10

High

BG2BS000C008 Burgas Bay < 30 m

6.49

Good

BG2BS000C011 C. Akin – C. Korakia

7.7

Good

BG2BS000C012 C. Korakia - Rezovska river

9.31

High

BG2BS000C013 Albena resort – C. Ilandjik

2.35

Poor

11.4 Recommendations for the practical application of the EEI-c method in Bulgarian Black
Sea coastal waters
Choice of monitoring stations
The differences in the evaluation of the ecological status of coastal waters in the Burgas Bay that
resulted from the insufficient number of sampling stations along the coast of this water body could
be mitigated if of the guidelines of the WFD are followed more strictly in future monitoring
programs (2000/60/EC). For example in cases when a large number of point sources of waste water
discharge are present it is advisable to include a sufficient number of monitoring stations that would
address the effects of all these local impacts. In the case of the water body BG2BS000C0008 this
could be achieved by selecting a number of monitoring stations located within the range of
influence of the main pollution source – the city of Burgas, monitoring stations in the vicinity of
smaller waste water sources (towns N and S of Burgas), as well as a number of points in the
periphery of the area – open coastal areas S of Cape Atia and N between the town of Sveti Vlas and
C. Emine. In the case of the BG2BS000C011, it is advisable to include monitoring stations located
within the range of impact of the several local pollution sources ( like the waste water discharge of
the town of Sozopol), as well as a number of stations on the coastline between the towns in this
area.
The significant differences between structure of Cystoseira spp. communities located in waters with
similar nutrient loads on exposed and non-exposed coastlines has a strong impact on the ecological
status evaluations ( see Table H – stations Sozopol S-Sozopol N and Maslen S-Maslen N). In cases
when a strong variation in the geographical orientation and exposure to wave action is present,
following the WFD guidelines on the evaluation of water bodies under severe hydromoprhological
influences, it is advisable to select monitoring stations in close proximity to each other, but with a
different exposure ( e.g. the stations in Sozopol and Maslen Nos in this study).
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Seasons of sampling
The observed seasonal variation in the values of ECS, caused by the natural seasonal variation in
the structure of Cystoseira spp. in the study area stresses the importance of selecting the most
appropriate season for sampling. In accordance with the WFD’s recommendations and the results in
this dissertation it is advisable that sampling is carried out several times during the year: in the
spring period when the maximum development of C. barbata and C. crinita and the highest
biodiversity of macroalgal species is observed (April-May-June), in the period of mass development
of warm-water adapted green and red opportunistic species if sufficient nutrients are present ( JulyAugust), as well as in the period of the seasonal die out of summer opportunistic species and the
gradual switch towards dominance of cold-water species (October-March). If it is not feasible to
conduct several surveys per year, the most appropriate season for sampling is that of maximum
development of Cystoseira spp. communities – May-June. In case such once per season sampling
approach is selected, it is essential that all sampling is carried out in a short period (weeks), and that
factors such as water temperatures, rainfall, seasonal storm events and other seasonal changes are
measured and recorded. It is advisable not to compare results obtained in different seasons of the
year, and to check for inter-annual variations in ECS only if comparing results obtained in similar
seasons.
11.5 Low depth of distribution as a possible evaluator of ECS
The significant changes in the depth structure of the studied macroalgal communities under the
influence of eutrophication-related factors suggests that the change in depth of distribution of
dominant species could be applied as an ECS metric, following the example of the Baltic and North
Sea regions (Kautsky et al., 1986; Berger et al., 2004; Carletti & Heiskanen, 2009).
The low depth of distribution of C. barbata и C. crinita can easily be adapted as an indicator for the
ecological status of coastal ecosystems in the Black Sea region. In areas where these species are not
present, the depth of distribution of other common algae could be applied, like Ulva rigida,
Ceramium virgatum and Gelidium spinosum. The development of such a methodology requires
systematic studies of the depth limits of these species in different areas along the coastal region of
Bulgaria, combined with measurements of light penetration and nutrient concentrations. The major
advantage of the adoption of such a method is its relatively easy application in the field without the
need for sampling and by scuba divers that are not experts in macroalgal taxonomy and ecology.
11.6 Application of novel morph functional indices
Index of the phytocoenosis’ ecological activity S/Wph
Initial results indicate that the S/Wph index is very responsive to the changes in ecological
conditions within the study area, where the ECS gradually increases towards the outer section of the
Burgas Bay. Results from S/Wph follow the same seasonal trends as the evaluations bases on the
EEI-c methodology, and correlate relatively well with each other (R=0,57). As a next step towards
the application of this methodology for the purposes of WFD monitoring, it is recommended to set
up the numerical boundaries between the different ECS, by intercalibration of results from the
application in the index in areas with different levels of anthropogenic impact and in different
geographical areas of the Black Sea, in accordance with WFD’s guidelines (EC, 2000; Carletti &
Heiskanen, 2009).
S/W3Dp index of the three dominant species
The initial results from the application of the S/W3Dp index are in accordance with the general
picture of improvement in the ecological status of coastal waters along the S coast of the Burgas
Bay. The results follow the same seasonal trend as those from the application of EEI-c. A major
shortcoming of the index, as applied in this study area, is the low sensitivity towards conditions in
highly eutrophicated areas like Kraimorie, where all ECS results were better than ‘weak’ or ‘bad’
status. This low sensitivity is also visible in the low correlation between S/W3Dp and EEI-c
(R2=0,24). The index could be improved through recalibrating the boundary values between the
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different ECS categories, while taking in consideration the specificities of macroalgal communities
in the SW Black Sea and in other less eutrophicated areas than the NW Black Sea coast where the
index was originally developed.

12 Main results and contribution
12.1 Main results
1. Two areas with different levels of eutrophication impact within the S Burgas Bay are outlined,
with significantly different nutrient, chlorophyll-a and seston concentrations and water column
light climate (one-way PERMANOVA, pseudo-F=15,7; p<0,001). The area of limited
anthropogenic impact is between C. Akin and C. Maslen Nos, the area of significant
anthropogenic impact – between Burgas and C. Akin.
2. 61 species of macroalgae were described in the study area (34 Rhodophyta, 15 Chlorophyta, 12
Ochrophyta), of which 23 have not been previously reported for the Burgas floristic region and
the Sozopol floristic sub region. C. barbata communities include 55 macroalgal species, of
which 24 are epiphytes, while C. crinita communities includes 48 species with only 8
epiphytes. Species numbers and biodiversity display seasonal variation and are higher between
May and July, and lowest in autumn and winter ( September-January).
3. A gradual decrease in the number of brown and red macroalgae, an increase in the number of
green algae, and a general decrease in biodiversity is detected with increasing levels of
eutrophication within the study area. The area with intermediate levels of eutrophication impact
(Sozopol) hosts the most diverse macroalgal communities, which is in accordance with the
intermediate disturbance theory. The hypothesis that the levels of eutrophication impact have a
significant impact on the composition and structure of Cystoseira spp. communities in the
upper infralittoral of the study area was confirmed.
4. Four distinct macroalgal communities were outlined in the upper infralittoral of the study area :
C. crinita-dominated community, C. barbata – dominated community with the presence of
Polysiphonia subulifera and Ulva rigida, as well as two distinct communities dominated by
opportunistic green macroalgae, including Ulva rigida, Ulva intestinalis , Cladophora sericea
and Cladophora albida.
5. C. crinita communities are typical for well-illuminated shallow rocky reefs, on highly to
moderately exposed coastlines; C. barbata communities develop on shallow and deeper rocky
reefs on sheltered coastlines in clean and moderately eutrophicated waters. The hypothesis
suggesting that wave exposure has a significant structuring impact on C. crinita and C.
barbata communities in the study area has been confirmed.
6. The change in Cystoseira spp. community structure with increasing depth is best explained by
the overall changes in the average amounts of PAR%surf. (PERMANOVA test, PseudoF=80,906; p=0,0001)
7. Seven typical macroalgal communities were outlined along the whole studied region and depths
of the infralittoral, grouped based on the average PAR%surf. at the depths of their development
and the exposure of the coastline. These include C. crinita-dominated communities on exposed
and highly illuminated coasts (40-70% PAR%surf.); C. barbata-dominated communities with
Polysiphonia subulifera and U. rigida on sheltered coasts and at depths withна закрити 4060% PAR%surf.; communities with various presence of C. barbata, U. rigida, Cladophora spp.,
Gelidium spp., Zаnardinia typus, Polysiphonia elongata и Antithamnion cruciatum in the
lower infralittoral with less illuminations (10-40% PAR%surf.); communities of sciophylic
macroalgae dominated by the red species Phyllophora crispa и Apoglossum ruscifolium ,
which were located at the Kiten Reef south of C. Maslen Nos, at depth with less than открити
10-15 PAR%surf.
8. The changes in the structure of the studied Cystoseira spp. communities is most strongly
correlated with a number of geomorphological factors (depth, substrate inclination, orientation,
wave exposure;DistLM Pseudo-F= 74,89; p=0,0001), while the group of eutrophication-related
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factors (average PAR%surf. ,concentration ofа NO3, NH4, Ntot., PO4, Chl-a and seston; DistLM
Pseudo-F=45,12, p=0,0001), and the influence of natural seasonal (average two-months
temperature; DistLM Pseudo-F=48,79, p=0,0001) have a relatively similar structuring impact.
9. The dbRDA analysis of the results from the DistLM model demonstrate that the changes in
wave exposure, quantities of PAR%surf., depth and substrate inclination explain 56% of the total
variation in community structure. Aligned along this main axis of change is the succession of
change from C. crinita to C. barbata-dominated communities. The changes in the average twomonth concentrations in PO4, NO3, Ntot., Chl-a and NH4 explain 19% of the observed variation
. The increase in concentrations of PO4 and NO3 correlates with the increase in the presence of
red and green opportunistic species in Cystoseira communities ( Cladophora spp., Ulva spp.,
Bryopsis plumosa, Ceramium virgatum).
10. A significant change in the structure of C. crinita and C. barbata communities was described
in the summer of 2010 under the influence of extremely high water temperatures (>29-29.5 °C)
in combination with increase in the concentrations of PO4, NH4, Chl-a and seston. The change
consisted in a severe decrease in the biomass of Cystoseira spp., the disappearance of typical
green and red macroalgal species and the mass development of untypical warm-water species
such as the green Cladophora albida, C. sericea and the red Acrochaetium secundatum. During
the same period macroalgal species completely disappeared from the infralittoral in the area of
significant eutrophication impact and were replaced by blue-green microalgae. C. crinita
communities demonstrated high recovery potential and returned to their typical structure within
the next vegetative season.
11. The application of the adapted for the Bulgarian section of the Black Sea EEI-c index
adequately and precisely evaluated the change in the ecological state of coastal ecosystems
along the studied eutrophication gradient. The correct application of this methodology is highly
dependent on taking into account the natural seasonal variations in the structure of Cystoseira
spp. communities, which are not related to anthropogenic eutrophication.
12. The application of the EEI-c methodology for different water bodies along the Bulgarian Black
Sea coast demonstrated a variety in the ecological status of coastal ecosystems between 2009
and 2011 – from highly impacted areas in the Burgas and Varna Bays ( ‘bad’ – ‘weak’ status),
to areas with intermediate status on the periphery of these coastal bays ( the S edge of Varna
Bay , the area S of C. Atia and N of Nessebar along the coast of the Burgas Bay), and water
bodies with ‘good’ and ‘high’ status South of Sozopol and along the coast of Strandja
Mountains.
13. The S/Wph morpho-functional index demonstrated good sensitivity towards the changes in the
state of coastal ecosystems in the study area and could be further developed and used for WFD
monitoring purposes.
12.2 Contributions of this PhD dissertation
Scientific contributions
1. A systematic study of the composition, structure and distribution of Cystoseira spp. macroalgal
communities in a clearly defined gradient of eutrophication impact was carried out. The results
of this study are indicative for the overall condition of macroalgal benthic communities in this
section of the Black Sea in the recent two decades defined as a period of ‘relative recovery’ of
marine ecosystems.
2. The typical infralittoral plant associations of Cystoseira spp. and green and red macroalgae
were defined and quantified
3. The main processes of change in the structure and distribution of macroalgal communities in
the Bulgarian section of the Black Sea under the influence of eutrophication, geomorphological
and seasonal factors were studied and quantified experimentally.
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Methodological and practical contributions
1. A method for digital photographic studies of benthic communities was adapted and improved,
which could further be used in future studies of benthic communities in the Black Sea
2. The EEI-c WFD methodology for the evaluation of ecological status was adapted and
optimized for applications in the specific conditions of the Black Sea coastal ecosystems.
Methodological guidance for the application of the method for monitoring purposes was also
developed.
3. The ecological status of the majority of the water bodies along the Bulgarian Black Sea coast in
the period 2009-2011 was evaluated.
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