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The perennial sciaphilous alga Phyllophora crispa (Phyllophoraceae, Rhodophyta) belongs to the main com-
munity-forming species of the Black Sea but due to the catastrophic degradation of its populations, it has been
listed as an endangered species in the Red Data Book of the Russian Federation. Phyllophora crispa off the
southwestern coast of Crimea is preserved within six Protected Areas (PAs) established between 1972 and 2017,
which include the narrow 300-m-wide strips of coastal waters ranging from 0.0597 km? to 0.208 km? in area.
Despite a long existence, the degeneration of P. crispa assemblages has been shown in some of them that may
indicate inefficient measures aimed at conserving bottom communities in Marine PAs (MPAs) and the need to
optimise the regional PA network. Therefore, this study addresses assessing the effectiveness of the preservation
of P. crispa in MPAs along the southwestern coast of Crimea, and it aims at two main objectives: to compare
the status of P. crispa populations in the study area at present and before the MPA establishment, and to assess
their current state in the marine protected and unprotected areas. In 2015-2020, the density, biomass, weight
and length of P, crispa thalli were determined in five MPAs ranged in age 33-48 years of protection and in 16
unprotected water areas, at depths from 0.5 m to 20 m. A comparison of the obtained and published data for the
5 m to 20 m depth range showed that from 1964-1967 until 2015-2020, the P. crispa biomass in the study area
decreased on average 2.7-fold, the density 1.5-fold and the thallus weight 2.0-fold. Evaluating the decline of the
populations of P. crispa along the depth range of 5—15 m showed that it was most pronounced at a 15-m depth,
being statistically significant in biomass and thallus weight. At the same time, an analysis of variance showed no
effect of protection on the between-year change in P. crispa population parameters. In addition, in 2015-2020,
there was no statistically significant difference in the average biomass and density of this species inside and out-
side the MPAs. The average weight and length of thalli did not differ due to protection either, except for a depth
of 10 m where values of these parameters were, respectively, 3.3 times and 1.4 times higher inside than outside
MPAs. One explanation for the non-significant MPA effect on the state of populations of P. crispa could be a
lack of statistical power in our study. Another one was the small area and low width of MPAs, which makes the
seaweed communities vulnerable to negative impacts near the MPA borders. To improve the effectiveness of the
conservation of P. crispa in the southwestern Crimea, it was recommended to increase the MPA coverage, create
buffer zones around MPAs and take measures resulting in environmental improvement throughout the region.
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Introduction

The perennial sciaphilous alga Phyllophora
crispa (Hudson) P.S. Dixon (Phyllophoraceae, Rho-
dophyta) belongs to the main community-forming
species of the Black Sea (Kalugina-Gutnik, 1975;
Milchakova et al., 2011). The most abundant accu-
mulations (fields) of its unattached form were con-
fined to silty and sandy bottom at depths of 10-60
m, and the attached Phyllophora occupied a nar-
row strip of rocks and boulders at depths of 10—
28 m (Kalugina-Gutnik, 1975). Over the last half
century, the largest aggregation of the unattached
form of Phyllophora (Zernov’s Phyllophora Field)
has almost completely disappeared in the north-
western part of the Black Sea, and the production
parameters of the coastal communities dominated
by the attached form of this species have reduced
significantly (Milchakova, 2003; Simakova &
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Maximova, 2009; Milchakova et al., 2011, 2013;
Berov et al., 2018). According to most research-
ers, this was due to a decrease in water transpar-
ency as a consequence of eutrophication (Zaitsev
& Mamaev, 1997; Milchakova, 2003; Milchakova
et al., 2011, 2013). Due to the catastrophic degra-
dation of the populations of P. crispa, it has been
listed as an endangered species under the Conven-
tion on the Protection of the Black Sea against Pol-
lution (Bucharest Convention, 1992), as a species
decreasing in number in the Red Data Book of the
Russian Federation (Bardunov & Novikov, 2008),
and its habitats on the European Red List of Habi-
tats (Gubbay et al., 2016). This species is also in-
cluded in regional Red Data Books such as those of
the Krasnodarsky Krai (Litvinskaya, 2017), Repub-
lic of Crimea (Yena & Fateryga, 2015), and city of
Sevastopol (Dovgal & Korzhenevsky, 2018).
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It is generally recognised that Marine Protected
Areas (MPAs) play a significant role in threatened
species conservation and recovery (Roberts et al.,
2003), including macroalgae (Gianni et al., 2013).
The development of the MPA system is one of the
priority tasks of the European Union Marine Strat-
egy (Directive 2008/56/EC), as well as of the «Strat-
egy of Ecological Safety of the Russian Federation
for the period up to 2025» (Decree of the President
of the Russian Federation of 19.04.2017, Nel76).
It has been shown that creating a MPA leads to an
increase in macroalgal diversity (Cacabelos et al.,
2020) and abundance (Babcock et al., 1999) or to
changes in species dominance (Edgar & Barrett,
1999). However, a decrease in macrophyte density
is also possible (Lester et al., 2009), or there were
no significant changes in macroalgal assemblages
after the establishment of the protection (Benedetti-
Cecchi et al., 2003; Barrett et al., 2009; Lester et al.,
2009; Turnbull et al., 2021). This is related to the fact
that the MPA effectiveness can vary significantly and
depends on their size, duration of existence (Clau-
det et al., 2008), habitat features, protection regime
(Benedetti-Cecchi et al., 2003; Ceccherelli et al.,
2006; Claudet et al., 2008), biology of target species
(Gilby et al., 2015) and environmental quality in the
adjacent water areas (Gilby et al., 2015).

In the Black Sea, there are approximately 63
MPAs (Milchakova et al., 2015; Alexandrov et al.,
2017; Begun et al., 2012, 2022). Phyllophora crispa
was found within 30 of them situated in Bulgaria, Ro-
mania, Russia, and Ukraine; moreover, some MPAs
have been established specifically to protect this spe-
cies (Tkachenko & Maslov, 2002; Tkachenko & Ko-
vtun, 2014; Milchakova et al., 2015; Skrebovska &
Shaposhnikova, 2016; Kolyuchkina et al., 2018; Abaza
et al., 2019). The effectiveness of MPAs in the conser-
vation of P. crispa has been assessed to date along the
Bulgarian coast only, based solely on the data of their
connectivity (Berov et al., 2018). However, the influ-
ence of MPAs on the condition of populations of this
species in the Black Sea still remains unknown.

Phyllophora crispa off the southwestern coast of
Crimea (in the Sevastopol Region) exists mainly as
an attached form (Fig. 1) and it is protected within the
marine portions of six Protected Areas (hereinafter —
MPAs) established between 1972 and 2017 (PAREF,
2022). Because P. crispa is a thick leathery slow-
growing shade-adapted species (Kalugina-Gutnik,
1975), and may be considered as a late-successional
one (Orlando-Bonaca et al., 2008; but see Orfanidis et
al., 2011), having flourished in pristine environments
before human induced disturbances and decrease in
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water transparency (Zaitsev & Mamaev, 1997; Mil-
chakovaetal., 2013), its response to protection, which
reduces human impacts, is expected to be positive.
Nevertheless, despite a long existence of these MPAs,
a degeneration of macrophyte assemblages, includ-
ing those of P. crispa, has been found in some of them
(Milchakova, 2003; Milchakova et al., 2011, 2019).
This may indicate inefficient measures aimed to con-
serve bottom communities in the coastal Protected
Areas (PAs) and the need to optimise the PA network
of the Sevastopol Region. Therefore, this study ad-
dresses assessing the effectiveness of the preservation
of P. crispa in MPAs along the southwestern coast of
Crimea, and aims at two main objectives: to compare
the state of populations of P. crispa in the study area
at present and before the MPA establishment, and to
assess their current state in marine protected and un-
protected areas. The primary hypothesis to be tested
was: did protection affect the long-term change in the
P, crispa populations?

Material and Methods

Study area

The study of P. crispa (Fig. 1) was conducted in
the coastal zone of southwestern Crimea, between
Cape Lukull and Cape Sarych (Fig. 2). Because of
the steep slope of the bottom near Cape Aya and
Cape Kaya-Bashi, the width of the vegetation belt
is narrow there, and it ranges from 20 m to 150 m
width. The bottom is flatter in other areas, and the
width of the macroalgal belt exceeds 300 m. The
communities dominated by Ericaria crinita (Duby)
Molinari & Guiry and Gongolaria barbata (Stack-
house) Kuntze were recorded on the blocky sub-
strate and rock outcrops down to 10 m depth, and
those with dominance of P. crispa were present in
the range of 10-20 m depth (Milchakova, 2003; Ko-
vardakov et al., 2004; Milchakova et al., 2011).

Fig. 1. Phyllophora crispa in the Coastal Aquatic Complex
near Cape Fiolent Natural Monument (south-western coast of
Crimea) at 0.5 m depth (Author: S.S. Raksha).
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Fig. 2. Sampling transect locations in 1964-1967 (+), in
2015-2020 inside (A) and outside MPAs (A) along the
southwestern coast of Crimea. Designations: 1 — area within
and outside Coastal Aquatic Complex near Cape Lukull Nat-
ural Monument, 2 — Cape Margopulo, 3 — Osipenko village
area, 4 — Cape Kosa Severnaya, 5 — Karantinnaya Bay, 6 —
Coastal Aquatic Complex near Tauric Chersonesos Natural
Monument, 7— Pesochaya Bay, 8§ — Cape Vostochny, 9 — Cape
Peschany, 10 —11 — Cape Manganari, 12 — Cape Khersones,
13—14 — Golubaya Bay, 15 — Coastal Aquatic Complex near
Cape Fiolent Natural Monument, 16 — Cape Kaya-Bashi, 17
— Gray Rock, 18 — Ayazma area, 19 — Cape Aya Sanctuary,
20-23 — Laspi Bay, 24 — Coastal Aquatic Complex near Cape
Sarych Natural Monument; [ — MPAs created before the
study; =3 — MPAs created after the study; the protected land
area is denoted in green.

Sampling was performed in five selected MPAs
of southwestern Crimea (Fig. 2) with an age of more
than 30 years (33-48 years): within the Coastal
Aquatic Complex (CAC) near Cape Lukull Natural
Monument (NM) (Site 1, see Fig. 2), CAC near Tau-
ric Chersonesos NM (Site 6, see Fig. 2), CAC near
Cape Fiolent NM (Site 15, see Fig. 2), CAC near
Cape Sarych NM (Site 24, see Fig. 2), and in the
Cape Aya Sanctuary (Site 19, see Fig. 2). Their sizes
are 0.1135 km?, 0.0597 km?, 0.16 km?, 0.0588 km?,
and 0.208 km?, respectively. Collecting of plants and
animals and the violation of the integrity of natural
complexes are prohibited in the studied MPAs, but
transit visits for recreational purposes are allowed
there (PARF, 2022). The water area near Cape Kaya-
Bashi (Site 16, Fig. 2) was reserved in 2006 for creat-
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ing Karan’skiy Sanctuary. However, it was included
in the list of unprotected areas in our study, since the
Karan’skiy Sanctuary had not yet been created by the
date of sampling. The CAC near Tauric Chersonesos
NM is located in the residential zone close to the
Sevastopol Bay and is characterised by a high level
of recreational load (Milchakova et al., 2015), over
500 000 m?*/year of untreated wastewater flows into
the adjacent water area (Gruzinov et al., 2019). The
CAC near Cape Fiolent NM is located far from the
wastewater outlets, but sand was previously mined
near its borders (Boltachev et al., 2012). The environ-
mental quality near the CAC near Cape Lukull NM
is relatively high (Ryabushko et al., 2020). However,
high levels of biological oxygen consumption, ni-
trogen and phosphorus content were periodically re-
corded in the adjacent areas due to wastewater efflu-
ents and river inflow (Gruzinov et al., 2019; Dyakov
et al., 2020). The waters around the CAC near Cape
Sarych NM are characterised by low nutrient levels
(Shchurov et al., 2019); but in recent years, coastal
development in this area is increasing and high levels
of heavy metals and petroleum hydrocarbons were
observed (Sevostyanova et al., 2016; Tikhonova et
al., 2020). The marine area of the Cape Aya Sanctu-
ary is the least susceptible to the anthropogenic im-
pact due to the active hydrodynamics of the water
masses and the remoteness from the major sources of
water pollution (Kovardakov et al., 2004).

Sample collection

In the summer seasons of 2015-2020, macroal-
gae samples were taken on 21 transects at depths of
05m, 1 m 3m,5m, 10 m, 15 m and 20 m (Fig.
2). Sampling was performed using quadrate frames
25 x 25 cm and replicated four times at each depth
(Kalugina-Gutnik, 1975). Phyllophora crispa was
found at 61 out of 126 sampling points. Its thallus
wet weight (g) and length (cm) were determined for
each point; in total, 3676 thalli were handled. The
mean values of these parameters, as well as the den-
sity (plants/m?) and biomass (g/m?, wet weight), were
calculated. Phyllophora crispa was collected with
the permission of the Russian Federation’s Federal
Agency for Fishery, Ne61 2017 03 13164. After the
samples had been processed all plants were returned
to their natural habitat.

Long-term changes of Phyllophora crispa pop-
ulations inside and outside MPAs

We performed a two-way analysis of variance
(ANOVA) (Logan, 2010) to evaluate the effect of the
fixed between-subject factor MPA (levels protected
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and unprotected) and the within-subject factor year
(levels 1964-1967 and 2015-2020) on the biomass,
density and average thallus weight of P. crispa. The
main goal of the ANOVA was to test the significance
of the effect of interaction between these two fac-
tors, i.e. to check whether MPAs influenced the in-
terannual change in values of P. crispa parameters.
For the analysis we chose the data for the same areas
sampled at a depth range 5-20 m both in 1964-1967
and 2015-2020. The sample size for PAs (CAC near
Cape Fiolent NM, CAC near Cape Sarych NM, CAC
near Cape Lukull NM) and unprotected areas was
n =6 and n = 12 per each period, respectively. The
data for 1964—-1967 were obtained from publications
(Kalugina-Gutnik, 1974, 1975; Kalugina-Gutnik &
Kulikova, 1974), but since the thallus weight was not
provided in these sources, it was calculated using the
biomass-to-density ratio. The statistical significance
of differences between means was assessed using a
paired two-sample t-test with Holm correction for
multiple comparisons (Logan, 2010).

Long-term changes of Phyllophora crispa pop-
ulations at different depths

The effect of depth on the interannual changes
in biomass, density and average thallus weight of
P. crispa was determined using two-way analysis
of variance (Logan, 2010). The fixed between-
subject factor depth included the levels of 5 m,
10 m and 15 m, and the within-subject factor year
included 1964-1967 (Kalugina-Gutnik, 1974,
1975; Kalugina-Gutnik & Kulikova, 1974) and
2015-2020. The data for the same sites and depths
were used for the analysis. The total sample size
wasn=16(n=5forS5m,n=5for I0mandn==6
for 15 m) for each year. Post-hoc comparisons of
means were performed using a two-sample paired
t-test followed by the Holm procedure for correc-
tion (Logan, 2010). The data for other depths were
not used in ANOVA due to low sample sizes and
mismatched locations, but for a depth of 20 m, re-
gardless of ANOVA, we computed means for dif-
ferent locations and compared them using the two-
sample Mann-Whitney U test (n = 3).

State of Phyllophora crispa populations inside
and outside MPAs in 2015-2020 at different depths

To evaluate the state of P. crispa the average val-
ues of density, biomass, average thallus weight and
length inside and outside MPAs were assessed. The
comparison of these values in MPAs and in unpro-
tected water areas was carried out using the two-sam-
ple Mann-Whitney U-test. To assess the effect of the
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depth (factor levels 5 m, 10 m and 15 m) and protec-
tion (levels protected and unprotected) on P. crispa’s
population parameters, an ANOVA was performed,
followed by multiple comparisons using a one-side
t-test with Holm correction, evaluating if parameter
values were higher in MPAs than outside. Data for
the CAC near Cape Lukull NM (depth 5 m), CAC
near Tauric Chersonesos NM (depth 10 m and 15 m),
and CAC near Cape Fiolent NM, Cape Aya Sanctu-
ary, CAC near Cape Sarych NM (5 m, 10 m, 15 m),
as well as for 11 unprotected areas within the depth
range of 0.5-17 m, were used. The sample sizes for
the depths of 5 m, 10 mand 15 m weren=9,n=11,
and n = 10 for unprotected areas, and n =5, n=4 and
n =5 for the protected ones, respectively.

Multivariate analysis of the state of the Phyl-
lophora crispa populations

Cluster analysis was used to reveal the groups
of populations of P. crispa distinguished by their
state. We used the data obtained on 21 transects at
depths of 0.5-17.0 m in 2015-2020 (sample size
n = 61), as well as the results of studies carried out
on 12 transects within the depth range of 1-25 m
(sample size n = 32) in 1964-1967 (Kalugina-
Gutnik, 1974, 1975; Kalugina-Gutnik & Kulikova,
1974). The hierarchical clustering was performed
using Ward’s method based on a matrix of Euclide-
an distances (Legendre & Legendre, 1998), calcu-
lated from standardised values of biomass, density
and thallus weight. The dendrogram obtained was
analysed to choose an optimal number of clusters
for interpretation. After that the K-means clustering
was performed to improve the original partitioning.
The clusters were characterised by the mean values
of these parameters and the significance of their dif-
ferences was checked using the Kruskal-Wallis test
(Logan, 2010). To evaluate the state of populations
of P. crispa in 1964-1967 and 2015-2020 a prin-
cipal component analysis (Legendre & Legendre,
1998) was also applied to the same parameters used
in the cluster analysis. A diagram of the distribu-
tion of the populations of P. crispa and their param-
eters in the first two components space was created.
The trends of long-term changes of the state of P
crispa were assessed by the direction of shift of the
points corresponding to the same populations in
1964-1967 and 2015-2020. To evaluate the magni-
tude of between-year changes at different depths or
inside and outside MPAs, we computed Euclidean
distances between points.

Before statistical analyses the homogeneity of
variances and normality of data were checked; if
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these criteria were not met, log-transformation was
used. The calculations were performed in the R sta-
tistical computing environment, version 3.6.3 (R
Core Team, 2019) using the car (Fox & Weisberg,
2019), FactoMineR (Lé et al., 2008), factoextra
(Kassambara & Mundt, 2019), and rstatix (Kassam-
bara, 2021) packages.

Results

Long-term changes of Phyllophora crispa pop-
ulations inside and outside MPAs

According to the ANOVA results there were no
statistically significant main effect of MPA and inter-
action effect between year and MPA on all the param-
eters of P. crispa (Table 1), only a main effect of year
was significant. The average values of parameters of
P, crispa decreased over the period from 1964—-1967
to 2015-2020, both in the areas that became pro-
tected and unprotected, with this change being more
pronounced for the latter. However, post-hoc tests did
not confirm all these differences (p = 0.17-0.73; see
grey and red bars in Fig. 3). Exploring the main effect
of year has shown significant differences in means
over the studied period (calculated for pooled sample
of' both MPA and unprotected areas; see grey-red bars
in Fig. 3): the average values for P. crispa biomass

decreased 2.7-fold (t(m =2.86,p=0.011), 1.5-fold re-

duction was found for density (tm) =2.24,p=0.039),
and 2.0-fold for thallus weight (t<17) =2.62,p=0.018)
in the same areas and at the same depths off the south-
western coast of Crimea.

Long-term changes of Phyllophora crispa pop-
ulations at different depths

We found that biomass, density and thallus
weight of P crispa highly depended on the depth,
but the effect of the year of sampling was significant
only for biomass (Table 2). The interaction of these
factors was not significant. The comparison of means
showed that both in 1964-1967 and in 2015-2020,
the values of all parameters increased with increas-
ing depth (Fig. 4), but in 2015-2020 they were lower
than in 1964-1967. The between-year difference in
the parameter values was more pronounced at a depth
of 15 m, where it was statistically significant for bio-
mass and thallus weight. This difference was even
higher at a depth of 20 m, where since 1964—1967
the average biomass decreased from 3396 + 731 g/m?
to 339 + 125 g/m?, density — from 411 + 69 plants/
m? to 173 £ 59 plants/m?, and thallus weight — from
8.1+0.5¢gto 1.9+ 1.1 g but these changes were not
significant (U = 6, p = 0.125) that may be in part at-
tributed to a small sample size (n = 3) that is why
these data have not been used in ANOVA.

Table 1. ANOVA results for the response of Phyllophora crispa biomass (InB), density (InN) and thallus weight (InW) to the

MPA and the year off the southwestern coast of Crimea

InB InN InW
Factor
DFn DFd F p DFn DFd F P DFn DFd F P
MPA 1 16 0.01 0.94 1 16 0.07 0.80 1 16 0.268 0.61
year 1 16 21.29 0.0003 1 16 8.41 0.01 1 16 8.319 0.01
MPA:year 1 16 1.54 0.23 1 16 0.15 0.70 1 16 1.817 0.20
Note: Significant p-values (p < 0.05) are highlighted in bold.
a b C
ns 500 ns 8 ns
2500 N ns ns ns
* NE 400 - * o ¢ | *
~ 2000 - = -
£ 2 <
> c 300 2
” 1500 © 0 4
2 = 200 -
= [2)
£ 1000 = 3
@ =
o c © 2
= 500 o 100 -
m a [

1964-1967 2015-2020

1964-1967 2015-2020
Period, years

Fig. 3. Average biomass (a), density (b) and thallus weight (c¢) of Phyllophora crispa off the southwestern coast of Crimea at

a depth range of 5-20 m in 1964—1967 and 2015-2020 (mean + error). The p-values of between-year differences of means

are given according to a paired t-test: * —p < 0.05, ns —p > 0.05. Grey bars — unprotected areas, red bars — areas that became

protected in 1972-1982, grey-red bars — pooled sample of protected and unprotected areas.

1964-1967 2015-2020
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Table 2. ANOVA results for the response of biomass (InB), density (N) and thallus weight (InW) of Phyllophora crispa to
depth (5 m, 10 m and 15 m) and year off the southwestern coast of Crimea

InB N InW
Factor
DFn DFd F p DFn DFd F p DFn DFd F p
Depth 2 13 12.9 0.0008 2 13 423 0.038 2 13 18 0.0002
Year 1 13 11.7 0.004 13 3.04 0.105 1 13 3.37 0.089
Depth:Year 2 13 0.1 0.905 2 13 0.88 0.438 2 13 0.36 0.707
Note: Significant p-values (p < 0.05) are highlighted in bold, p < 0.1 — in italics.
a b c
500 7
3000 - N 6 -
~ - i
§ "UE) %', ns ns *
S 2000 - | S 300 A 2 4
A ns ns il a =
© 2 200 A g 37
€ D =
S 1000 - S 2 2
O 100 A =
1 A
0 0 0
5 10 15 5 10 15 5 10 15

Depth, m

Fig. 4. Average biomass (a), density (b) and thallus weight (c) of Phyllophora crispa at different depths in six protected and
unprotected areas off the southwestern coast of Crimea in 1964-1967 (==) and in 2015-2020 (==) (mean + error). The p-
values of between-year differences of means are given according to a t-test followed by the Holm procedure for correction:

* —p <0.05; ns — non-significant.

State of Phyllophora crispa populations inside
and outside MPAs in 2015-2020 at different depths

It was found that the biomass of P crispa in
MPAs averaged 587 + 198 g/m? and its density was
225 + 58 plants/m*. The average values of these pa-
rameters were 1.6—1.9-fold lower in the unprotected
areas and reached 308 + 82 g/m? and 142 + 25 plants/
m?, respectively, but these differences were not sta-
tistically significant (U = 179-202, p = 0.45-0.85).
The values of thallus weight and length of P. crispa
inside (2.7 £ 0.6 g and 6.4 + 0.5 cm) and outside the
MPAs (2.0 £ 0.3 g and 6.3 = 0.4 cm) were similar
(U=181-199, p = 0.48-0.79).

ANOVA also revealed no significant effect of
MPA on the parameters of P. crispa (Table 3), while
depth strongly influenced its biomass and thallus
weight and length. A significant interaction between
these two factors was found for the thallus weight and
length indicating that in the MPAs and unprotected
areas pattern of changes in the values of these param-
eters differed.

The post-hoc comparison of means showed
that all the parameters of P. crispa increased with
increasing depth except for the thallus weight and
length in MPAs which reached maximum values at
10 m (Fig. 5). In almost the entire range of depths,
the values of P. crispa’s biomass and density in

MPAs were higher than those in unprotected areas,
as it was shown above for their average values, but
these differences were not statistically significant.
The thallus weight and length were significantly
higher in MPAs than outside (3.3-fold and 1.4-fold,
respectively), but only at a depth of 10 m (Fig. 5).
Thus, in MPAs, the values of these parameters en-
larged from a depth of 5 m to 10 m, and at 15 m they
became lower, whereas in unprotected areas we ob-
served a continuous increase in the values of these
parameters over the entire depth range. This differ-
ence explains the significant effect of the interaction
of the MPA and depth factors in ANOVA.

Multivariate analysis of the state of the Phyl-
lophora crispa populations

After performing a hierarchical cluster analy-
sis based on P, crispa’s biomass, density and thallus
weight, all the populations were decided to divide
into five groups. Initial clustering was improved by
the k-means algorithm; the differences between clus-
ters were statistically significant (Table 4). By using
a principal component analysis, the distribution of
the populations of P. crispa and their clusters in the
principal components space were obtained (Fig. 6a).
Most of the variability of the parameters of P. crispa
(76.6%) accounted for the first component which was
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most correlated with biomass (r = 0.97). The second
component determined 20.2% of the total variance
and is mainly related to the density (r = 0.57) and
thallus weight (r =-0.53).

Cluster 1 united the populations characterised
by the lowest values of all the parameters (Table 4,
Fig. 6a). Cluster 2 included the populations with in-
termediate density, in which thalli with a minimum
weight prevailed. On the contrary, cluster 3 included
the populations, where plants had an intermediate
weight, but their density, however, was very low. Thus,
the state of the populations in clusters 1, 2, and 3 can
be generally characterised as depressed. In 1964-1967,
such populations comprised 62% of their total number,
while they did 94% in 2015-2020 (Fig. 6a).

Cluster 4 united the populations with intermediate
values of biomass, density, and thallus weight (Table 4,
Fig. 6a). In 1964-1967, the proportion of the popula-
tions belonging to this cluster was 14%, but in 2015—
2020 only 5%. Cluster 5 is distinguished by the high-
est values of biomass, density and thallus weight and
included only the populations studied in 1964—1967
(with the proportion of 24% of their total number).

The analysis of changes in the position of the
same populations in the principal components space
from 1964-1967 to 2015-2020 showed that the
state of P. crispa deteriorated substantially over that
period (Fig. 6b). Most of the populations shifted to

the lower clusters or stayed within cluster 1 with the
largest position shift occurring at a depth of 20 m
where it averaged to 4.26 principal component
units, whereas for 15 m, 10 m and 5 m, to 2.13, 0.97
and 0.04, respectively. The only exceptions were
the two populations within CAC near Sarych NM at
depths of 5 and 10 m, which in 1964—1967 belonged
to cluster 1 and cluster 2, and by 2015-2020 had
shifted to cluster 2 and cluster 4, respectively.

As can be seen from Fig. 6b, the common trend
of changes of populations of P. crispa for both pro-
tected and unprotected areas was biomass reduc-
tion, but there were also differences between them.
In MPAs, an average shift of P. crispa’s population
position was lower in magnitude (0.73) and tended
more to decrease in density (red arrow lays in oppo-
site direction to blue arrow corresponding to densi-
ty), whereas outside MPAs the magnitude of chang-
es was higher (1.93) and their direction was more
related to decrease in thallus weight. The beginning
points of the two arrows averaging the change in the
state of the P. crispa populations inside and outside
the MPAs were at a distance, indicating some initial
difference between populations that became protect-
ed and remained unprotected. For the latter, values
of biomass, density and thallus weight were 1.5, 1.2
and 1.8 times higher respectively, than for those that
later became protected.

Table 3. ANOVA results for the response of biomass (InB), density (InN), thallus weight (InW) and length (L) of Phyllophora
crispa to the depth and protection off the southwestern coast of Crimea

Fact InB InN InW L
actor
SumSq | df F p SumSq | df F P SumSq | df F P SumSq | df F P
Depth 41.17 2 | 114 | 1.3x10% | 7.57 2 1293|007 1323 2 | 148 | 1.7x10° | 6648 2 | 17.6 | 3.8x10°¢
MPA 0.99 1 0.5 0.46 0.01 1 ]10.01 094 | 0.54 1 1.2 0.279 27 1 0.1 0.71
Depth:MPA | 2.72 2 | 08 0.48 1.92 2 10741048 | 6.67 7.5 0.002 2356 2 | 63 0.004
Residuals 68.77 | 38 49.00 | 38 1695 | 38 7157 | 38
Note: Significant p-values (p < 0.05) are highlighted in bold, p < 0.1 are italicised.
a b C d
1200 500 7
1000 6 7
~ l NE 400 ~ - =
(S N > 5 - ns n
S 800 - 3 g5 ° &
c ap <
" < 300 4 1 D 4 4 ns ns i)
® 600 - - ns ns /ng 3 S
£ = g 3 W 4
2 ‘% 200 A = 8
® 400 1 ns /ns [ ns S 2 T
e =2 2
200 - 100 1 1 -
0 0 0 0
5 10 15 5 10 15 5 10 15 5 10 15
Depth, m

Fig. 5. Average biomass (a), density (b), thallus weight (c) and length (d) of Phyllophora crispa at different depths in MPAs
(==) and unprotected areas (==) off the southwestern coast of Crimea in 2015-2020 (mean + SE). The p-values of the one-side
t-test followed by the Holm procedure for correction are shown for each depth: * — p < 0.05; ns — non-significant.
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Table 4. Average biomass B (g/m?), density N (plants/m?) and thallus weight W (g) of Phyllophora crispa for the selected
clusters (mean + standard error)

Cluster B(H=644,p=35x10") N (H=59.7, p=3.4x 107 W (H=60.5,p=23x 107 n
1 86 = 14 77+10 L11£0.12 44
2 554+ 84 370 + 30 1.48+0.19 15
3 517477 113419 472+0.36 15
4 2062 + 154 410 =45 5.14 +0.59 7
5 3916 + 208 502 + 40 8.13 +0.87 7

Note: H — value of the Kruskal-Wallis test, n — sample size, p — significance level.

b

Principal component 2 (20.2%)

o

2 4

Principal component 1 (76.6%)
Fig. 6. Populations of Phyllophora crispa off the southwestern coast of Crimea in the princixal components ?ace. Designa-

tions: a) distribution of P. crispa populations in 1964—1967 (+) and in 2015-2020 inside (

) and outside (&) MPAs; blue

arrows denote parameters (B — biomass, N — density, W — thallus weight), polygons — population clusters; b) change in the
position of the same P. crispa populations in the principal components space from 1964—-1967 to 2015-2020; red arrows
— populations in MPAs, black arrows — populations in unprotected areas, average shift in the position of the populations is

indicated with bold arrows, depths (m) are given near arrow initial points.

Discussion

In this study, no changes in biomass, density and
thallus weight of P. crispa were found at a depth of
5 m off the southwestern coast of Crimea for a period
from 1964-1967 to 2015-2020 while at a depth of
10-20 m degradation of P. crispa was observed (Fig.
4). The observed pattern of interannual changes of P.
crispa biomass along a depth gradient including com-
plete disappearance of this species at 10-25 m depth
was previously reported for this region and other
parts of the Black Sea (Milchakova, 2003; Simakova
& Maximova, 2009; Milchakova et al., 2011; Berov
et al., 2018) and attributed to anthropogenic impact,
mainly eutrophication (Milchakova, 2003).

Despite the recognition of P. crispa as a threat-
ened species (Bucharest Convention, 1992; Bar-
dunov & Novikov, 2008; Yena & Fateryga, 2015;
Litvinskaya, 2017; Dovgal & Korzhenevsky, 2018)
and its preservation within MPAs, the results of our
study showed the effect of protection on this species
was negligible (Table 1). In general, we revealed
that the state of populations of P. crispa was more
influenced by depth than protection (see Table 3), as
it was reported earlier for other macroalgae species
(Ceccherelli et al., 2006; Currie & Sorokin, 2009).
A statistically confirmed difference in values of P.
crispa parameters between protected and unprotected
areas was found only when depth was included in
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the analysis. Specifically, thallus length and weight
were significantly greater in the MPAs at a depth of
10 m (Fig. 5c,d) indicating that at least the plant size
could benefit from protection. However, because this
was observed exclusively at one depth and the pat-
tern of change of these parameters along a depth gra-
dient was unusual (a peak at 10 m instead of 2040
m (Kalugina-Gutnik, 1975)), we believe that specific
habitat conditions in the studied MPAs could influ-
ence the results obtained to a larger extent. The habi-
tat difference between protected and unprotected ar-
eas could also be responsible for the initial difference
between the P. crispa populations, although statistical
analysis has not confirmed this (Table 1). That as well
can be an explanation of different interannual change
patterns of P. crispa populations inside and outside
MPAs (see Fig. 6b).

We also observed a positive change in the P,
crispa populations within the CAC near Sarych NM
(Fig. 6b) that could reflect some environmental im-
provement in this area. An increase in the P. crispa
biomass, confined to the shallow zone of 0.5-3.0 m
depth, was noted in some areas of the Crimean coast
since early 2000s (Milchakova, 2003; Milchakova et
al., 2011, 2019). But we found such an increase at
a depth of 5-10 m that likely indicates that the wa-
ter quality improvement extended to deeper water
horizons during the last two decades. Nevertheless,
because it was found within one area only and at a
limited depth range, we believe it was not due to pro-
tection but to local conditions. At depths below 10 m,
where P. crispa was most abundant in 1964-1967,
MPAs could not maintain P. crispa populations in
their pre-protection state (Fig. 6B).

In this study, the lack of a protection effect on
P, crispa can be partly explained by the fact that the
statistical power we have achieved was not sufficient
to detect changes in the P. crispa population state. For
example, although the long-term decrease in P. crispa
parameter values in MPAs was non-significant, it was
not the evidence of successful conservation because
the same was found also in unprotected areas. This
resulted from low sample sizes, because, for a larger
pooled sample of both protected and unprotected ar-
eas, a decrease was confirmed statistically (Fig. 3).
In 2015-2020, the difference between P, crispa abun-
dance inside and outside the MPAs was large in mag-
nitude while still non-significant, probably because of
high data variability and deficient sample size. One of
the sources of the variability was data pooling for dif-
ferent depths, since, as we have shown, the values of P
crispa parameters varied greatly with depth (Table 2,
Table 3). This was also an issue in our attempt to con-
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firm the effect of protection on the change of P. crispa
the condition over the 1964-2020. Particularly, much
less interannual biomass decrease inside MPAs com-
pared to unprotected areas (see Fig. 3) might result
from underrepresentation of deep-water data (> 5 m)
in the analysis: for PAs, they comprised only 50% of
the total dataset, while for unprotected areas they did
83%. The lack of statistical power and the need for
additional resources were reported to have a role in
preventing the detection of consequences of human
exclusion for macroalgae in other studies (Fraschetti
et al., 2005; Currie & Sorokin, 2009).

The effect of protection was uncertain for other
macroalgal species off the coast of Crimea as well. The
biomass of Cladostephus spongiosus (Huds.) C.Ag.,
Laurencia coronopus J.Ag., and Osmundea truncata
(Kiitz.) K.W.Nam & Maggs was reported to have both
increased and decreased in MPAs of different protec-
tion categories over the last decades, having increased
in unprotected areas (Milchakova, 2012). Such varia-
bility in abundance of these algae, regardless of protec-
tion, indicates that their condition depends to a greater
degree on general environmental trends and local im-
pacts than on their location within an MPA.

The conservation success of P. crispa may also
depend on the strictness of the protection regime
which is known to influence the MPA effectiveness
(Benedetti-Cecchi et al., 2003; Claudet et al., 2008;
Edgar et al., 2014; Turnbull et al., 2021). The south-
western coast of Crimea lacks state nature reserves,
which are the most enforced PAs in the Russian Fed-
eration (IUCN category I). All MPAs in this region
are of quite low protection level (IUCN category
IV-V). They lack no-entry zones and proper en-
forcement and some types of recreational activities
are allowed there as well. The effect of protection
strictness on P. crispa has not been studied to date,
but is probably not highly significant, as bottom
communities dominated by this species are available
only to divers, who most likely impact other groups
of organisms (Milazzo et al., 2002, but see Luna et
al., 2009). Potential disturbance to beds of P. crispa
can also be caused by anchoring of small size recre-
ational vessels, whose passage is permitted, for ex-
ample, in the Cape Aya Sanctuary. Nevertheless, it is
known that infralittoral macroalgal assemblages are
affected by this anthropogenic factor to a lesser ex-
tent than other macrophyte communities (seagrass
or coralligenous) (Milazzo et al., 2002). In general,
our results match to those reported by Fraschetti et
al. (2005) for common erect macroalgae in the Adri-
atic Sea, the cover of which did not depend on the
level of human activity restrictions.
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Capturing of plants and animals is prohibited in
the studied MPAs (PARF, 2022). However, we be-
lieve this measure does not considerably affect the
abundance of P. crispa, since its main impact is on
commercial species (Claudet et al., 2008), while P,
crispa has never been of commercial importance
along the Crimean coast. Furthermore, its harvest-
ing is prohibited being a protected species (Bucha-
rest Convention, 1992; Bardunov & Novikov, 2008).
Nevertheless, no-take protection can influence the
state of macrophyte populations indirectly, via troph-
ic cascades triggered by change in abundance of top
predators controlling algal feeders (Lester et al., 2009;
Shears & Babcock, 2003). Although this effect on P
crispa in the Black Sea has not been studied (Berov
et al., 2018), up to the present it seems to have been
insignificant, since P. crispa has not been noted in
the herbivorous fish diet (Kalinina, 1963; Shaganov,
2018) and is even less preferable for herbivorous in-
vertebrates than most common Ericaria crinita and
Gongolaria barbata (Makkaveeva, 1964), the amount
of which consumed by invertebrates is known to be
small (Makkaveeva, 1974). At the same time, an alien
herbivorous fish Sarpa salpa (Linnaeus, 1758) from
the Mediterranean, has naturalised off the southwest-
ern coast of Crimea over the past 20 years, including
the area adjacent to Cape Aya Sanctuary (Abliazov
et al., 2021), and within CAC near Cape Fiolent NM
(Boltachev et al., 2009). Sarpa salpa can significantly
reduce macrophyte abundance (Gianni et al., 2017),
and is likely capable to alter species composition
through selective grazing (Verlaque, 1990), especial-
ly in MPAs where it is protected from being caught
(Raventos et al., 2009; Parravicini et al., 2013). In the
Mediterranean, P. crispa was reported to constitute
only 5.0-6.6% of the S. salpa diet (Verlaque, 1990),
but in the Black Sea, its feeding preferences and ef-
fect on seaweed communities are unknown and need
to be investigated. Additional measures to prevent in-
vasive species from being introduced and naturalised
are desirable to take as well.

The size of the studied MPAs is significantly
smaller than the recommended minimum values of
about 20-30 km? (McLeod et al., 2009; Saarman et
al., 2013), so their conservation value is low. In partic-
ular, in Australia, no positive changes in macrophyto-
benthos were reported within small-area PAs (Edgar
& Barrett, 1999). Moreover, the MPAs of the south-
western Crimea are limited to a narrow strip along
the coast, about 300 m wide, and are devoid of buffer
zones. That makes them vulnerable to negative ex-
ternal impacts (McLeod et al., 2009) such as bottom
trawl fishing and sand extraction, which have taken

79

place previously in the vicinity of the studied MPAs
(Boltachev, 2006; Boltachev et al., 2012). At present
the coastal zone is being intensively developed, recre-
ation is increasing and poorly treated wastewater dis-
charges take place (Gruzinov et al., 2019). These fac-
tors lead to the environmental quality deterioration,
which causes the degradation of macrophyte commu-
nities even within MPAs (Milchakova et al., 2019).
Under these conditions, sciaphilic algae are especially
threatened, and even after the cessation of eutrophica-
tion, their recovery is difficult due to the peculiarities
of their biology, in particular low growth rate and long
lifespan (Thibaut et al., 2005), which are also typical
for P. crispa (Kalugina-Gutnik, 1975). Additionally,
even well-designed PAs planned to cope with local
impacts can be ineffective against large-scale threats
such as climate change or eutrophication (Boersma
& Parrish, 1999; Parravicini et al., 2013; Gilby et al.,
2015). Overcoming these challenges involves adop-
tion of global conservation strategies, such as full
protection of 30% of each marine habitat proposed
by the IUCN (Wilson et al., 2020), and the marine
spatial planning approaches to control the environ-
mental quality not only within MPAs but also outside
(Agardy et al., 2011; Vaughan & Agardy, 2020).

Conclusions

It has been found that over the past half century,
the state of the threatened red alga P. crispa has sig-
nificantly deteriorated at depths more than 10 m off
the southwestern coast of Crimea, which was regis-
tered even within MPAs, despite their long existence.
At present, the biomass and density of this species
are higher inside the MPAs than outside, but this dif-
ference is not statistically significant. It is possible,
though, that a positive effect of P. crispa protection
could be confirmed after an increase in the statistical
power, which may be achieved through spreading the
scope of further investigations to the entire Crimean
coast to include more MPAs into the analysis. This
would make it also possible to collect enough data
for comparing the effect of full vs. partial protection.
Moreover, it is desirable to focus further research on
the depth range of 15-20 m where, according to our
data, the most pronounced interannual changes of the
P, crispa populations occurred.

Statistically insignificant effect of MPAs on P,
crispa may be caused by their low efficiency in pre-
venting decrease in environmental quality within
their boundaries caused by natural or human-induced
disturbances in the adjacent unprotected areas. We
believe that in order to reduce the vulnerability of
the MPAs to local negative impacts, it is reasonable
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to enlarge them and change their regional status to
a federal one, which will make it possible to create
marine buffer zones around these PAs. To mitigate
large-scale threats to macroalgal-dominated habitats
it is also necessary to incorporate local MPA planning
into national and international strategies of environ-
mental management resulting in water quality im-
provement throughout the region.
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BJIMSIIOT JIM OOIIT HA IONYJISALIAA OXPAHSIEMOM
KPACHOM MAKPOBOJIOPOCJIA PHYLLOPHORA CRISPA
IOTI'O-3AITAJHOT'O IIOBEPEXDbBA KPBIMA (HUEPHOE MOPE)?

B. B. Anekcanapos’”, H. A. MuibuakoBa

Hucmumym 6uonozuu 1oocnvix mopeti umenu A.O. Kosaneeckozo PAH, Poccus
*e-mail: valexandrov@list.ru

MHoroneTHsist cipaduibHas Bogopochb Phyllophora crispa (Phyllophoraceae, Rhodophyta) otHOCHTCS K
OCHOBHBIM II€HO3000pa3yrommM BugaM UepHoro Mopsi. B ¢Bsi3u ¢ KaTacTpoudeckoil Aerpafanueii ee moiry-
nanui, oHa Opia BHeceHa B Kpacuyio kuury Poccuiickoit ®enepaumu. Phyllophora crispa y 6eperos 1oro-
3amagHoro KpeiMa BcTpedaeTcs B aKBaTOPHH IIECTH 0CO00 OXpaHsAeMbIX MpHpoAHbIX Tepputopuit (OOIIT),
Co37aHHbIX B nepuof ¢ 1972 no 2017 rr, mmmpuHa akBaTOPUU KOTOPBIX cocTaisieT okoio 300 M, a momans
konebnercs ot 0.0597 km? 10 0.208 kM. HecMOTpst Ha [UTUTENBHBIN CPOK CYLIECTBOBAHHMS, B HEKOTOPBIX M3 HUX
paHee Obla BBISBICHA JETpaialiis cOO0IIEecTB P. crispa, 9T0 MOXKET CBHJICTEIBCTBOBATH O HEA(D(HEKTHBHOCTH
Mep 1o oxpaHe JoHHBIX coobmectB Ha OOIIT 1 HeoOXOAUMOCTH ONITUMH3AINHN TPUPOTOOXPAHHON CETH PETH-
OHa. YUHTBIBas 3TO, [EIbIO HACTOSIIETO UCCICAOBAHUS SIBISUIACh OllCHKA 3(deKkTuBHOCTH OXpaHsl P. crispa B
OOIIT roro-3amagroro Kpsiva. B 3agaun paGoThl BXOANWIO CPAaBHUTH COCTOSTHHUE MOMYIIALMI 3TOTO BUAA B HC-
CJIelyeMOM peruoHe B Hacrosiiee Bpems U B nepuop 1o coznanus OOIIT, a Takike OLEHUTh X COBPEMEHHOE
COCTOSTHHE B OXPaHIEMBIX U HEOXpAHIEMbIX aKBaTOpusiX. VcciemoBanust BEINOIHEHB! HA TyonHax ot 0.5 M 10
20 M B 2015-2020 rr. Onipenemnsui YUCIeHHOCTh, OoMaccy, Maccy U AiIuHy TamuioMoB P, crispa B it OOIIT,
CPOK CYIIIECTBOBAaHU KOTOPBIX cocTaBisit 33—48 jet, u B 16 HeoxpaHseMbIX akBaTopusix. CpaBHEHHE COOCTBEH-
HBIX W JINTEpaTypHBIX JaHHBIX ITOKA3aJIo, 9To 3a nmepuos ¢ 1964—1967 rr. mo 2015-2020 rr. Ha rmy6uHax 5-20 M
o6uomacca P. crispa B permoHe YMEHBIITWIIACh B cpelHeM B 2.7 pasa, YUCIEHHOCTh — B 1.5 pa3za, Macca ClIoeBHII]
— B 2.0 pa3a. YcTaHOBIJIEHO, YTO B AMarnia3oHe riyouH 5—15 M Haubojee BBIPAKEHHOE YXYAIICHHE COCTOSHUS
norynsiuid P, crispa nponzonuio Ha 15 M, 1€ CHIDKeHHnEe OMoMacchl OMYJISIIMI U MacChl TAJUIOMOB ATOTO BUA
OBIIO CTATUCTUYECKH 3HAYNMBIM. [Ipr 3TOM cortacHo pe3ysbTaTraM JUCIICPCHOHHOTO aHATIN3a OXPAHHBIN CTaTyC
AKBATOpPUI HE BIIMSJ HAa MHOTOJIETHUE U3MEHEHMs 3HAUE€HUM napaMeTpoB nonyisiuuil P crispa. Kpome Toro,
BEIBIIEHO, uTO B 2015-2020 1. pasnuuuns cpemneit Onomaccsl u guciaeHHOCTH dToro Buaa B OOIIT u 3a ux
npeaciaMmu OBUIH CTAaTUCTUYECKH HEIOCTOBCPHBIMH. Maccau JJIMHA TAJIJIOMOB B OXPaHACMBIX 1 HCOXPAHACMbIX
aKBaTOPUAX TAKXKe CYIIECTBEHHO HE Pa3/INYajIiCh, UCKII04as ITyOouny 10 M, Ha KOTOPOH 3HAUYEHUs 3TUX ITOKa-
3areneit B OOIIT Obutn coorBercTBeHHO B 3.3 M 1.4 pasa Bblie, yeM Ha Npodnx yyactkax. OHOI U3 npuynH
HEIOCTOBEPHOTO pa3iIuuus nokasareneil cocroauus nomynsuuid P, crispa 8 OOIIT u 3a ux npenenamu mMorna
OBITH HEIOCTATOYHAS CTATHCTHUYECKAsl MOIHOCTD MCCleioBaHMs. J{pyroi Mpu4nHOM, BEPOSITHO, SBJISIETCS Ma-
Jast II0MIAah U He3HaunTenbHas mupuHa akBaropuu OOIIT, uto meraer coodmecTBa MaKpOpHUTOB YI3BUMBIMU
K HEraTUBHBIM (hakTopaM, IeHCTBYIOIMM BOJIN3U rpaHull 00beKToB. [111s moBbIiieHns 3QHEKTUBHOCTH OXPaHBbI
P, crispa B 1oro-3anagHom KpeiMy peKkoOMeHI0BaHO YBEJINYUTh IJIOIIA/b OXPAHIEMbIX aKBAaTOPHi, CO3AaTh Oy-
(epHBIEe 30HBI U MPUHATH MEPHI 110 YITyUIICHHIO Ka4eCcTBa BOJ BO BCEM PETHOHE.

KiroueBble ciioBa: Oriomacca, MHOTONIETHHE H3MeHeHHs1, MakpohuTsl, Mopckast OOIIT, miotHOCTE, 3(h(eKTHBHOCT
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