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Abstract: Lack of knowledge about distribution of charophyte fructifications and importance of
environmental conditions in the Baltic Sea coastal waters fostered us to assess the spatial-temporal
patterns of oospore bank in relationship with environmental factors in the Curonian Lagoon (Lithua-
nian part). We mapped the distribution of oospores in 2017-2019. The importance of environmental
factors was determined by the cluster analysis and boosted regression trees. Four oospores species
were recorded up to 4 m depth. The highest mean densities (58,000 ind-m~2) of viable fructifications
were found along the eastern shore, where the densest charophyte stands were recorded. Viable
fructifications showed a clear pattern of filling the oospore bank after the vegetation season and a
depletion during the summer as they germinated. The distance from charophyte stands, salinity,
bottom slope aspect, and wave exposure were the most important environmental variables. Full
fructifications mostly occurred within <0.5 km distance from the charophyte stands restricted to flat
and sheltered areas exposed to the northern and eastern slopes. Empty fructifications were mostly
found within <2 km distance from the charophyte stands but their high density was limited to <1 km
distance from the charophyte stands and on the northeastern bottom slopes and >1.5 salinity.

Keywords: oospores; gyrogonites; Baltic Sea; wave exposure; charophyte stands; seafloor topogra-
phy; salinity gradient

1. Introduction

A propagule bank of charophytes consists of sexual propagules oospores and vegeta-
tive propagules [1]. Fertilized oogonia form oospores, which for many species continue
their development into calcified gyrogonites. After a decay of charophyte thalli, sexual
propagules (fructifications) can remain in sediments for a long period and stay viable up
to 300 years [2]. Therefore, for many charophyte species, dispersion, colonization, and
maintenance of populations depend entirely on sexual reproduction [1].

Despite the widely recognized importance of oospore bank for charophyte ecology
and life cycle, there are few studies that have been focused on distribution of oospores.
In the Baltic Sea, the studies on oospore bank have been conducted only along the German
coastline [3-5], where in contrast to the recent vegetation (angiosperm dominated), more
oospores than seeds of angiosperms have been found in the sediment samples. Extensive
studies on the distribution of charophytes have been performed in Swedish, Polish, and
Estonian coastal waters [6-9], but obtained results have not been related to an oospore bank.

Mechanisms of spatial variation in potential diaspore banks were also only considered
in a few studies [1]. Charophyte stands are considered as a primary source of oospores [10].
Although the density of oospores correlated with the coverage of charophytes in the
shallow lakes [11], the oospore density in the shallow brackish lagoon of the Baltic Sea did
not correspond to the cover of charophyte vegetation [10]. Another important factor for
a spread of oospores is hydrodynamics, which transports oospores to other places and
causes their resuspension or borrowing. Water birds are recognized as responsible for a
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long-distance dispersal of oospores, which if passed through a digestive system are viable
and able to germinate [1].

Regarding the water framework directive (2000/60/EC), an understanding of a distri-
bution of oospores in estuarine lagoons is important for an ecological status assessment and
a development of macrophythobenthos indicators. For the transitional waters (estuaries
and lagoons), about one-third of macrophythobenthos indicators have not been tested
for pressure-impact relationships, being the least validated [12]. Therefore, a knowledge
development on the ecology of charophytes and other macrophytes in transitional waters
of the Baltic Sea is at an early stage compared to coastal and inland waters. There are
no data about a status of a charophyte oospore bank and factors determining an oospore
distribution in the biggest estuarine lagoons of the Baltic Sea. In the Curonian Lagoon, only
the long-term changes of charophyte habitats have been investigated [13], and the empiri-
cal relationships between the distribution of charophytes and environmental factors have
been assessed previously [14]. The relatively low importance in explaining the variation
in the distribution (<28%) of charophytes by environmental factors highlights the need
to look into other important factors such as spatial and temporal patterns of charophyte
fructifications.

Thus, the aim of the present study was to determine distribution and seasonal patterns
of a charophyte oospore bank and its relationship with charophyte stands and abiotic
factors in the Curonian Lagoon. We estimated ripening stages of oospores in sediments,
hypothesizing that an absence of charophytes in some areas of the lagoon can be explained
by a lack of viable fructifications and by a strong hydrodynamic forcing, with both being
the most important factors for a distribution of oospores in the estuarine part of the lagoon.
We also tried to assess the oospore densities required to maintain charophyte stands for a
next generation.

2. Study Area

The Curonian Lagoon is the largest estuarine lagoon in the Baltic Sea, with an area
of 1.584 km?. The northern (estuarine) part of the lagoon belongs to the state of Lithuania
(area 413 km?) and extends from the Nemunas River inflow to the Baltic Sea via the
Klaipeda Strait. The mean depth of the lagoon is 3.8 m, and only the Klaipeda Straight has
a maximum 14.5 m depth [15]. The lagoon is almost freshwater, with a salinity range of
0.1-7, depending on an inflow of brackish waters from the Baltic Sea through the narrow
and 10 km long strait during cyclonic periods [16]. The inflow of brackish waters mainly
occurs along the deeper western shore of the lagoon, whereas freshwater masses move
along the eastern shore [15,17].

These water masses strongly effect the water clarity in the lagoon; moreover, the water
transparency is largely determined by an algal density and a periodic sediment resus-
pension during periods of high winds and wave activity [18]. The Curonian Lagoon
is considered as eutrophic or hyper-eutrophic with recurring spring diatom blooms fol-
lowed by summer cyanobacteria blooms, a phenomenon that has been reported for several
decades [19,20]. Bottom sediments in the lagoon up to the depth of 2.7 m consist mainly of
fine sand, whereas coarse silt and fine silty mud prevail at the depth over 3 m [21].

The diversity of charophytes is relatively low (seven species) in the study area,
with Chara contraria being the most frequent, followed by Chara aspera, Nitellopsis obtusa,
Chara baltica, Tolypella nidifica, Chara globularis, and Chara canescens [13]. The charophytes
form stands shallower than the 2 m depth together with the dominant angiosperms such
as Potamogeton perfoliatus, Potamogeton rutilus, and Stuckenia pectinata [14].

3. Materials and Methods
3.1. Field Sampling
An oospore bank was assessed in the Lithuanian part of the Curonian Lagoon in the

period of 2017-2019 (Figure 1). The locations of the sampling sites were mainly based
on the previous studies of the distribution of charophytes [14], i.e., to sample different
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depths across the whole study area. In November 2017, a preliminary survey was carried
out along the eastern and western shores of the study area in order to estimate a general
extent of charophyte fructifications in the upper littoral part (<1 m depth), where most of
the charophyte stands are restricted [13]. The depth extent and distribution of charophyte
fructifications were surveyed along the depth gradient (0.5, 1, 1.5, 2, 3, and 4 m) in the
7 major sections (profiles) between the western and the eastern shores of the study area
(Figure 1). In several profiles (1, 3, and 6), surveys were performed in June 2018 (after the
start of the vegetation season), in October 2018 (after the end of the vegetation season),
and in May 2019 (before the vegetation season), attempting to represent the main seasonal
patterns of a charophyte life cycle.
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Figure 1. The study area with the sampling sites (indicated by symbols) and profiles (indicated by squares with numbers)
in the Curonian Lagoon for the period of 2017-2019. N—number of the study sites.

In each study site, 3 sediment cores (replicates) were sampled within <5 m distance
from each other using a Plexiglass tube (the diameter of 4.5 cm; with a plastic valve on
top), which was operated with a push rod (extending to 6 m long) from a boat. The upper
5 cm sediment layer was collected from each core and the samples were stored in separate
plastic containers in the dark at 5 °C. In the laboratory, the sampled sediments were
sieved (at the mesh sizes of 1, 0.5, and 0.2 mm), and charophyte oospores were collected
from the latter 2 mesh sizes. Oospores in each sample were counted and identified using
the determination keys [22-24] and compared with live specimens under a microscope.
A viability of oospores was tested by clicking them with a needle. Fructifications were
classified to the 4 types: empty oospores and empty gyrogonites (empty fructifications),
and full oospores and full gyrogonites as viable fructifications (see detailed description of
oospores and gyrogonites provided by [25]). In each sample, a density of the 4 types of
fructifications was calculated (expressed as ind. m~2).

3.2. Data Analysis

For the assessment of the importance of environmental factors explaining the distri-
bution of charophyte fructifications, we tested 1 biotic and 6 abiotic variables: a distance
from charophyte stands (biotic), a wave exposure (relative exposure index—REI), a bottom
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slope, its aspect, a topographic position index (TPI), a depth, and a water salinity. Using
QGIS 3.4.1 [26], the distance from charophyte stands was assessed by Euclidean distance
from the sites where charophytes were recorded in 2014-2015 [14]. REI was estimated
for 16 sectors (fetch rays at increment of 11.25°) according to Malhotra and Fonseca [27]:

REI = ( %1 < 126;1 Ficos(6;)/ 126:1 cos (Gj)> Vl-Dl) /8, where F; = length for the jth direc-
i=1\j= j= »

tion fetch ray after clipping to shoreline and interrogating bathymetry (the maximum
length of each ray was fixed at 10 km), 6; = angle between the ith fetch ray and the jth ray,
Vi = wind speed for the ith direction, and D; = wind duration for the ith direction. The REI
value of 0 indicated absolutely sheltered from wave effect, REI < 50 corresponded to very
sheltered areas in the study area (in the shallow northeastern shore), while REI > 300
showed the most exposed study sites in the southern part of the study area. The bathy-
metric data were obtained from the hydrological model [17]. The model was coupled
with the wind data (velocity and direction) for the vegetation period (May-September)
during 2000-2017, which was measured in the coastal hydrometeorological stations located
in Nida and Klaipeda. REI was calculated in R 4.0.3 [28] applying the “raster” [29], the
“rgdal” [30], the “geosphere” [31], and the “rgeos” [32] packages. In this study, the seafloor
geomorphological parameters (the bottom slope, its aspect, and TPI) were considered as
proxies for effects of water currents. The bottom slope and its aspect were derived from
the bathymetric data (the spatial resolution of 48 x 48 m) using terrain function with the
“raster” package in R. Using the same data, TPI was calculated by the tpi function and the
focal window size of 59 (in order to represent large-scale topographic patterns) with the
“spatialEco” package [33] in R. The TPI value of 0 indicates flat relief (plain), positive TPI
values show elevated relief forms (convexities), while negative values represent concave
surfaces. The depth was considered as a proxy of a light and wave gradient. The mean
near bottom salinity data for the vegetation period during 2013-2017 was obtained from
the same hydrological model developed for the Curonian Lagoon [17]. For each sediment
sampling site in 2019, we extracted all environmental data from their raster layers in QGIS
or R.

For the analysis of seasonal dynamics of charophyte fructifications, we selected the
third profile, where the similar locations of study sites were sampled in the main seasons
(summer, autumn, and spring).

3.3. Statistical Analysis

The Bray—Curtis dissimilarity [34] was applied to quantify differences in the densities
of the fructifications between the profiles (the averaged density of each type of fructifi-
cations at three depths: 1, 2, and 3 m), which was inspected by the hierarchical cluster
analysis using the “vegan” package [35] in R. The one factor analysis-of-similarities was
used to test differences between groups of clusters.

The importance of 7 environmental factors was assessed by indirect and direct ap-
proaches. The indirect approach was based on a comparison of means of each environ-
mental factor among several groups of the study sites, i.e., the sites with and without
charophyte fructifications and delineated clusters (groups of the profiles) in the cluster anal-
ysis. The Welch ANOVA with the Games-Howell post hoc test in the “userfriendlyscience”
package [36] in R were used for the comparisons of means due to the heterogeneity of
variance and the unequal sample size between the groups. The same tests were applied
for the comparisons of mean densities of charophyte fructifications among the different
seasons and depths (1 and 2 m).

The statistical modelling and machine learning methods were chosen as the direct
approach for the assessment of the importance of 7 environmental factors (explanatory
variables) on the distribution (occurrence) and the density of charophyte fructifications
(4 response variables). Firstly, the generalized additive models were fitted for each response
variable; however, the residuals did not meet the assumption of homoscedasticity of
variance and multicollinearity of several explanatory variables, e.g., between TPI and
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REI (rspearman = —0.62), between the salinity and the distance to the charophyte stands
(tspearman = —0.61). Therefore, the boosted regression trees (BRT) method was selected.
BRT was originally developed to predict data in computer science [37], and has recently
been used for predicting species density, distribution, and diversity [38]. This method
does not assume that an explanatory variable has the same relationship with a response
across the entire range of the environmental factor, as BRT uses decision trees to classify
explanatory variables and predict the response by minimizing a loss function [39]. BRT
produces a partial dependence plot to illustrate the relationship between an explanatory
variable and a response, after controlling for all other explanatory variables in a model.
This technique improves a prediction accuracy because it adjusts weights on the basis of
explanatory variables through a stagewise learning of the data. Moreover, BRT addresses a
multicollinearity issue because it considers interactions among explanatory variables—a
response to an explanatory variable depends on the values of other explanatory variables
at the higher levels of trees.

BRT was performed using the package “H,O” [40] in R. Two models with the Bernoulli
distribution were performed for the occurrence of full and empty fructifications, and
two models with the Poisson distribution for the density of full and empty fructifica-
tions. For each response, multiple models were run varying either the model learning
rate (between 0.1 and 0.001) and the number of trees (between 50 and 5000). Then, the
optimum model parameters were selected on the basis of the model performance (the
area under the receiver operating characteristic curve for the models with the Bernoulli
distribution, and R? for the models with the Poisson distribution): the learning rate
of 0.005, the number of trees at 100, and the bag fraction of 0.75. The tree complexity
was set to 2 in order to represent two-way interactions between environmental factors.
For each model, the explained deviance with all environmental factors was assessed

null deviance—residual deviance
null deviance

planatory variables in predicting the response variable (i.e., the empirical improvement
in reducing a squared error relative to other explanatory variables) was estimated. Par-
tial dependence plots were derived for each model, which showed a marginal effect of
explanatory variables on the predicted outcome of a model [36].

by Explained Deviance =

). The relative importance of ex-

4. Results
4.1. Structure and Distribution of Oospore Bank

Fructifications (oospores and gyrogonites) of four charophyte species were identified
in the study area. In some cases, C. contraria and C. aspera calcified gyrogonites were hardly
distinguished from each other, and also there were many oospores damaged by abrasion
which were determined as the Chara contraria/aspera group. The species composition
was similar among the second and seventh profiles, where oospores of C. contraria/aspera
dominated (Figure 2). The oospores of Chara baltica and Tolypella nidifica were only found
in the first profile and accounted for 0.5% of the total density.

Occurrence of viable (full) and empty fructifications together were recorded in 59% of
sampled sites during the study period (Figure 2), while full fructifications were found in
only 33%. Viable fructifications were recorded in all sites along the eastern shore, whereas
they were recorded only at the second and third profiles along the western shore. Empty
fructifications were distributed further from the eastern shore than viable ones, except for
the second and the third profiles, where fructifications occurred across both shores.

The highest density of empty oospores was observed in the fourth profile at 1 m depth
(up to 88,000 ind. m~2 near the eastern shore) and in the third profile near the western shore
at 2.5 m depth at the beginning of June 2018. Empty gyrogonites had the highest density
(20,000 ind. m~2) in the third profile at 1.5 m depth. The maximum number of full cospores
(11,875 ind. m~2) was recorded in the first profile at 1 m depth. Viable gyrogonites were
most abundant in the profiles 1-3 at depths of 1-2 m (up to 78,000 ind. m~2) in October 2018.
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Figure 2. The distribution of charophyte fructifications in the study area: empty oospores and

gyrogonites (left), viable (full) oospores, and gyrogonites (right). Numbers along the shores indicate
the profiles.

The empty oospores made up most of the oospore bank, and their percentage increased
with a depth (Table 1). The percentage of other fructifications decreased with depth, and
there were no records of full fructifications deeper than 2.5 m.

Table 1. The oospore bank structure in different depths.

Depth, m Empty (;ospores, Emp.ty . Full O:)spores, Full Gyzogonites,
o Gyrogonites, % Yo Yo
0.5-1 72.5 10.7 6.9 9.8
1.5-2 75.0 16.1 0.5 8.3
2-2.5 87.4 6.1 1.6 49
>2.5 96.4 3.6 0.0 0.0

The two groups (clusters) of the profiles were identified (R = 0.98, p < 0.05) after the
cluster analysis (Figure 3). The first group consisted of the profiles 1-4, where charophyte
fructifications were found on both the eastern and western shores (Figure 4A). The second
group consisted of the profiles 5-7, where fructifications were found only on the eastern
shore (Figure 4B). The mean density of fructifications in the first cluster was >80% higher
than in the second one.

4.2. Seasonal Patterns

There were significant seasonal differences in the density of C. contraria/aspera fructifi-
cations (Figure 5), and they were dependent on the shore and the depth. On the eastern
shore at the 1 m depth, the mean density of empty gyrogonites was statistically significantly
(Games-Howell post hoc test, p < 0.05) higher in the summer of 2018 than in the spring of
2019. There was no significant (p > 0.05) difference in the mean density of empty or full
oospores. The mean density of full gyrogonites in the autumn of 2018 was significantly
(p < 0.05) higher than in the summer of 2018 and the spring of 2019.
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Figure 5. The seasonal dynamics of the mean (+standard deviation) density of Chara contraria/contraria
group fructifications in the third profile of the study area. For the comparison, the profile was divided
into sections according to the side of the lagoon shore (eastern and western) and the depth zone (1 and
2 m).

We did not find charophyte fructifications on the western shore at the 1 m depth
during all seasons. Empty fructifications prevailed at the 2 m depth, but no significant
differences (p > 0.05) were observed in the mean density between the seasons for any type
of fructification. At the same depth on the eastern shore, the highest mean density of empty
oospores and gyrogonites were estimated in the spring 2019, while no fructifications were
recorded in the summer 2018. The mean density of full gyrogonites in the autumn of 2018
was significantly (p < 0.05) higher than in the spring of 2019. The mean density of full
oospores in the spring of 2019 was significantly (p < 0.05) higher than in the autumn of 2018.

4.3. Environmental Factors Explaining Patterns in Oospore Bank

The magnitude of the environmental variables assessed varied throughout the study
area (Table 2). Charophyte fructifications were found in the depth from 0.5 to 4 m, where the
relative wave exposure index (REI) varied from 44 to 335. The highest distance between the
fructification presence and the charophyte stands was determined at the level of >6.5 km.
The maximum near bottom salinity of 1.8 indicated occasional intrusions of brackish Baltic
Sea waters to the investigation area. Fructifications occurred on 0.003-0.907° slopes with
0.4-351.8° aspect and bottom places where topographic position index (TPI) ranged from
—0.339 to 0.626.

REI, the distance from the charophyte stands, the salinity, and partly the aspect of
bottom slopes were the most important environmental factors for characterizing differ-
ences between the cluster groups and the areas with presence and absence of charophyte
fructifications. The statistically significant differences in the mean REI were determined
between the sites with the presence and absence of fructifications (the mean 4 standard
deviation, respectively, 150 £ 67 and 205 £ 82; p < 0.01), between the first and the second
cluster groups (respectively, 144 + 80 and 202 + 76; p < 0.01), between the first cluster
group and the sites with absence of fructifications (p < 0.05), and between the presence of
fructifications and the second cluster group (p < 0.001). There were significant differences in
the mean distance from the charophyte stands among the same groups—between the sites
with the presence and absence of fructifications (respectively, 1.2 + 1.5 km and 5.2 & 3.9 km;
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p < 0.001), between the first and the second cluster groups (respectively, 1.2 & 1.4 km and
6.1 &+ 3.6 km; p < 0.001), between the sites with the presence of fructifications and the
second cluster (p < 0.001), between the first cluster and the sites with the absence of fruc-
tifications (p < 0.001), and between the sites with the absence of fructifications and the
second cluster (p < 0.01). The statistical differences in the mean salinity were determined
among these groups—between the sites with the presence and absence of fructifications
(respectively, 0.7 & 0.6 and 0.3 & 0.4; p < 0.001), between the first and the second cluster
groups (respectively, 0.8 & 0.6 and 0.2 = 0.05; p < 0.001), between the first cluster group and
the sites with the absence of fructifications (p < 0.001), between the sites with the presence
of fructifications and the second cluster group (p < 0.001), and between the second cluster
group and the sites with the absence of fructifications (p < 0.05). The statistical differences
in the mean aspect of bottom slopes were determined only between the sites with the
presence and absence of fructifications (respectively, 134.8 & 102.3° and 203.4 £ 109.9°;
p < 0.01).

Table 2. The statistics of environmental variables in the sites with presence and absence of charophyte
fructifications, and in the two clusters delineated in the cluster analysis (Figure 3).

Sites with Presence of Fructifications in the Study Area

Variable, unit Minimum Maximum Mean Median Star.ldz?rd
Deviation
Depth, m 0.5 4.0 1.7 1.5 0.8
REI 44 271 150 140 67
Distance from the
charophyte stands, km 0.01 6.5 1.2 0.6 1.5
Salinity 0.1 1.7 0.7 0.5 0.6
Bottom slope,® 0.003 0.907 0.127 0.051 0.214
Aspect,® 0.4 351.8 134.8 100.2 102.3
TPI —0.339 0.626 0.205 0.118 0.334
Sites without Fructifications in the Study Area
Depth, m 0.5 5.0 1.8 1.5 1.0
REI 71 335 205 218 82
Distance from the
charophyte stands, km 0.4 13.3 5.2 4.8 3.9
Salinity 0.1 1.8 0.3 0.1 0.4
Bottom slope,® 0.003 1.171 0.135 0.107 0.179
Aspect,® 1.7 357.2 203.4 225.8 109.9
TPI —0.511 1.231 0.128 0.063 0.305
First Cluster
Depth, m 0.5 4.0 1.7 1.5 0.7
REI 44 285 144 137 80
Distance from the
charophyte stands, km 0.01 6.9 1.2 0.6 14
Salinity 0.1 1.8 0.8 0.5 0.6
Bottom slope,® 0.003 0.171 0.137 0.036 0.252
Aspect,® 0.4 357.2 159.3 119.1 113.1
TPI —0.339 0.626 0.178 0.082 0.349
Second Cluster
Depth, m 0.5 3.0 1.8 2.0 0.8
REI 91 335 202 199 76
Distance from the
charophyte stands, km 2.1 13.3 6.1 6.3 3.6
Salinity 0.1 0.2 0.2 0.2 0.051
Bottom slope,® 0.009 0.308 0.119 0.102 0.084
Aspect,® 1.7 356.6 160.7 118.3 108.7

TPI —0.512 0.626 0.124 0.132 0.244
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In the BRT models, the explained variance (deviation) by the used environmental
factors was relatively low for the occurrence of full and empty charophyte fructifications
(respectively, 14% and 20%). The distance to the charophyte stands and the aspect of
bottom slopes were the most important factors (relative importance > 30%) in explaining
the presence/absence of full fructifications (Figure 6). The highest probability (>40%) to
find viable fructifications was less than 0.5 km away from the charophyte stands and on
the northern, eastern, and southern bottom slopes (aspect of 0-225°). Less important were
the wave exposure and the bottom slope (relative importance, respectively, 21% and 11%),
where the highest probability to find full fructifications was up to 150 REI and relatively
flat bottom areas (slope < 0.05°). The importance of TPI, the depth, and the salinity was
minor (<5%). The highest probability to find viable fructifications was on shallow (<1.2 m)
and elevated areas (TPI > 0.1) affected by brackish waters (salinity > 0.1).

The distance to the charophyte stands was the most important factor (relative impor-
tance = 67%) in explaining the occurrence of empty fructifications (Figure 6). The distance
from the charophytes stands had negative relationship with the response variable. Empty
fructifications were mostly found (probability > 60%) less than 2 km away from the charo-
phyte stands. The bottom aspect and slope were less important (relative importance,
respectively, 16% and 8%), indicating the highest probability (>60%) of empty fructifica-
tions on flat bottom slopes (<0.15°) exposed to the northern, eastern, or southern directions
(aspect of 0-160°). The other factors were of less importance (<6%). The higher probability
of empty fructifications was up to 200 REI and salinity > 0.31. The effect of TPI and depth
was not important for the occurrence of empty fructifications.

The explained variance by the used environmental factors was relatively low for
the density of full and empty charophyte fructifications (respectively, 23% and 21%).
The distance to the charophyte stands was the most important for the full fructifications
(relative importance = 89%), where their high density (>15,000 ind. m~2) was in less than 0.5
km away from the charophyte stands (Figure 6). Less important (relative importance = 6%)
was the wave exposure, where the high density (>15,000 ind. m~2) was in less than 150 REL
The other factors were even less important (<3%), where the density of fructifications was
higher on relatively flat (slope < 0.1°) or elevated (TPI > 0) areas. The effect of the bottom
aspect, the salinity, and the depth was not important for the density of full fructifications.

The salinity was the most important factor (relative importance = 61%) in explaining
the density of empty fructifications (Figure 6), where their highest density (>30,000 ind. m?)
was from the salinity >1.5. The second important (29%) factor was the distance from the
charophyte stands. Relatively high density (>20,000 ind. m~2) of empty fructifications was
in the distance of <1 km from the charophyte stands. The importance of other factors was
minor (<5%). The density of empty fructifications was higher in sheltered areas (REI < 200)
on relatively flat slopes (<0.1°) or elevated (TPI of 0-100) areas exposed to the northern,
southern, and western directions (120-360°). The effect of the depth was not important for
the density of empty fructifications.
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Figure 6. The partial dependence curves between the occurrence and density of full (viable) charophyte fructifications

and empty charophyte fructifications and the environmental factors. The relative importance of environmental factors is

provided in the top legend for each plot.
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5. Discussion
5.1. Species Composition

The current paper describes spatial patterns of generative reproduction of charophytes
and the potential viability of charophyte habitats in the Curonian Lagoon. We determined
the oospores of four species of charophytes, whereas in total seven charophyte species
have been recorded in the study area previously [13], and a total of 24 species have been
recorded in the Baltic Sea [41].

Oospores of C. contraria and C. aspera were the most abundant, and these species are
dominant in the study area [14]. The production of oospores is important for a long-distance
dispersal [42]; therefore, a generative reproduction strategy may explain the spread of
oospores of C. contraria in deeper areas and away from primary habitats in the upper littoral
part of the Curonian Lagoon [13]. Oospores of brackish charophyte species (C. baltica and
T. nidifica) were very rare in the study area and restricted to the northeastern part, which
is frequently affected by inflows of the Baltic Sea waters. According to Doege et al. [43],
T. nidifica is common in the Baltic Sea with salinity range of 8-25; however, salinities in the
northern part of our study area during the summer can reach only 7.5, with the average
salinity of 2 [17].

5.2. Density and Distribution

The differences in the density and distribution of charophyte fructifications were
found between the eastern and western shores of the Curonian Lagoon. The highest mean
densities of all oospore types were found on the eastern shore (the profiles 1-4), where the
dense charophyte stands were recorded [14]. The mean density of viable fructifications at
the 1 m depth was 17,500 ind. m~2, which corresponds to the mean density of cospores
(about 20,000 ind. m~2) reported in the Westrugensche Bodden lagoon system at the same
depth [4]. Although some differences in the oospore density between these waterbodies
and the Curonian Lagoon could be due to species composition (C. aspera, C. baltica, and
C. canescens were recorded in the Grieben Bay), one common pattern was observed for
both lagoons—the highest densities of oospores were observed in the areas with >90% of
charophyte cover at 1-1.5 m depth.

Along the western shore of the Curonian Lagoon, the distribution of fructifications
was restricted to the littoral from Klaipeda to Juodkrante (Figure 1), where their mean
density was the highest in vicinity of Juodkrante. This corresponded to the presence of
charophyte stands [14]. We found empty fructifications down to the 2 m depth, where
charophyte stands have not been recorded before. The reason of these findings could be
that fructifications are carried from charophyte stands along steep bottom slopes towards
the deepest part (i.e., navigation channel) by waves and currents; however, environmental
conditions (mainly a light climate and sedimentation) most likely are unfavorable for
germination, development, and growth there.

A colonization of unvegetated areas by charophytes may take several years and may
require the sufficient number of a production and accumulation of oospores [11]. Other
studies also confirm high densities of fructifications in densely vegetated areas, for example,
about 20,000 ind. m~? for C. contraria in the Grieben Bay and for C. aspera in the Windebyer
Noor at the 0.5 m depth [44]. The mean density of full fructifications was relatively low
(<10,000 ind. m~2) along the western shore of the study area, as the mean coverage of
charophytes was <30% [14]. This density of oospores seems to be too low to establish
dense charophyte stands in this area and in the southern part of the study area along the
eastern shore (the profiles 5-7).

We found the seasonality of generative reproduction in our study corresponding to a
well-documented pattern [45]. In the Curonian Lagoon, viable fructifications (especially
gyrogonites) showed a clear pattern of filling the oospore bank in the autumn (after
vegetation season) and depletion during the summer as they germinate. Such seasonality is
strongly expressed along the eastern shore at the 1 m depth. Empty gyrogonites, prevailing
in the 2 m depth along both shores, had an opposite trend. The explanation for this pattern



Water 2021, 13, 117

13 of 18

could be that empty fructifications in shallow zones are transported after a germination to
deeper zones by currents and waves. Several viable fructifications were found up to the
2.5 m depth, but an insufficient light regime might have a negative impact on a charophyte
development, growth, and reproduction [46,47]. We hypothesize that charophytes in the
2 m depth germinate, but they cannot produce a sufficient number of viable fructifications
limiting a spread of charophyte stands to deeper areas.

Its apparent that seasonal measurements of viable and empty gyrogonites indicate a
status of the charophyte habitats. On the basis of results of this study, we conclude that
the mean density of full gyrogonites in autumn >61,000 ind. m~2 should be sufficient
for the establishment and development of C. contraria in incoming spring. Certainly, the
threshold requires testing under experimental conditions in order to develop the indicator
of biological status for transitional waters.

5.3. Importance of Environmental Factors

In this study, the distance from the charophyte stands, the salinity, the aspect of bottom
slope, and the wave exposure (REI) were revealed as statistically significant important
environmental factors for explaining the distribution of charophyte fructifications. The sig-
nificance of these factors was confirmed by the two approaches, enhancing the confidence
that this observation was not random.

The explained deviance by the tested environmental variables was relatively low for
the occurrence and the density (respectively, <20% and <23%) of fructifications in the BRT
models. There could be multiple reasons for this, where most likely the main issue was
the difference in the spatial and temporal scale of the measurements of the environmental
factors and the charophyte fructifications. For instance, the estimates of the distance from
the charophyte stands were based on the charophyte mapping data in 20142015 [14].
The indirectly measured factors also could affect the poor fit of the models, where REI
was a surrogate of a wave impact and the bottom topographic variables were proxies for
an effect of water movement. Another possible reason for the relatively low correlation
between the distribution of charophyte fructifications and the environmental factors is an
interaction of environmental factors in transitional type of waterbodies such as estuaries
and lagoons. Due to the estuarine quality paradox [48], it is more difficult to distinguish
pure effects of environmental factors than in lakes. It has been suggested that a large part
of the variation in abundance models can be explained by including interactions of biotic
and abiotic parameters [49]. However, data of biological parameters is usually spatially
and temporally limited, and models cannot accurately predict outside the range of their
sampling [50].

5.3.1. Distance from Charophyte Stands

Charophyte habitats are the main source of the oospore bank [1], and were therefore
the one of the most important factors explaining the distribution of oospores in our study.
The widest stands of charophytes were located in the northeastern part of the study area
(the profiles 1-4) [14], where oospores were abundant. Whereas, in the remaining part of
the study area (the profiles 5-7), the narrower spread of oospores and charophytes was
restricted only to the eastern shore. The spatial-temporal patterns of oospores suggest that
their transport to uncolonized areas was relatively low and resulted in a sharp decrease of
oospore densities at the border of dense charophyte vegetated areas (from 30,000 ind. m 2
at the highly vegetated area in the eastern shore to 2500 ind. m~2 at the 2 km distance to the
west). Similar distribution was observed for the colonization of C. aspera in the shallow lake,
where no oospores were recorded in the >3 km distance [11]. As it was mentioned in the
previous chapter, the relatively high number of empty oospores found in the charophyte
stands indicates an intensive reproduction within this habitat.
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5.3.2. Hydrodynamics and Transport of Fructification

The wave exposure was important explanatory variable for the occurrence and partly
for the density of full fructifications. In general, hydrodynamics is highlighted as an
important factor for the forming of macrophyte communities [8,10]. Waves also affect a
distribution and spread of charophyte fructifications by a mechanical disturbance (resus-
pension) of fructifications [51], and by reducing water transparency (i.e., light availability)
for a germination of charophytes [44].

In this study, the mean wave exposure was higher in the southeastern part (the profiles
5-7) than in the northeastern part (the profiles 1-4), which corresponds to the distribution
of denser stands of charophytes in the first part than in the second [14]. It is most likely that
the wave exposure limits the distribution of charophyte stands and consequently affects
the density of their fructifications. There is some research performed on the seed dispersal
of angiosperms, e.g., [52]; however, mechanisms of transport of oospores is poorly studied.
In the Curonian Lagoon, the cyclonic storms prevail [16], and therefore wave-induced
water movements should transport oospores towards the eastern shore. This could be
confirmed by the observed high amount of detached charophytes with oospores on the
shore after stormy periods (personal observation). It also explains why nearshore zones are
relatively abundant in fructifications. However, there are no data showing at which depths
charophyte thalli are usually teared and what amount of their vegetation and fructifications
is transported towards a shore and to deeper areas. Thus, sheltered areas may have a
higher generative recolonization potential than exposed areas, but this hypothesis was not
addressed in this study.

Environment of the Curonian Lagoon is hydrodynamically active, and the water
turbidity can increase during windy periods [15]. Several full fructifications were found
in the wave-exposed areas (REI > 150), located in the delta part of the lagoon and along
the western shore, where a concentration of suspended sediments can increase in spring
and summer up to 25 mg L~!. Such high turbidity may reduce a light penetration near
the bottom, which may restrict an establishment of charophytes deeper as they use more
resources for an elongation and less for a reproduction under low light conditions [46].

5.3.3. Salinity

Salinity is considered a major factor limiting a distribution of many macrophyte species
in estuarine ecosystems [53]. However, the salinity gradient in the Curonian Lagoon did
not correlate with the distribution of C. contraria and C. aspera [14]. It was demonstrated that
the salinity influenced the production of C. contraria oospores, where its reproductive effort
decreased in the salinities higher than 2, while C. aspera was tolerant [54]. Our results show
a relative high importance (61%) of the salinity only for the density of empty fructifications,
which increased in the northern part of study area. This could be explained as indirect effect
of salinity, i.e., the dominant direction of riverine waters flow by the eastern shore towards
the Baltic Sea [15,17], and may transport high amounts of oospores to the northern part
of the lagoon. The direct effect of salinity was found only on the distribution of brackish
water species (T. nidifica and C. baltica), but their fructifications were only 0.5% from the
total oospore density and were restricted to the first profile.

5.3.4. Depth

The importance of water depth was relatively low (<5%) for the occurrence and dis-
tribution of charophyte fructifications, whereas other studies mention that a distribution
of oospores along a depth gradient can reflect former zonation of charophytes [4]. Charo-
phytes can be found up to the 4 m depth in the coastal waters of the Baltic Sea [6,9,10], but
there are no records of maximum depth distribution of their fructifications. In the Curonian
Lagoon, the maximum depth limit of full fructifications of charophytes was described
at the 2.5 m depth, which is deeper than the recorded one in 2014-2015 [14]. However,
we found empty fructifications down to the depth of 4 m, and their density was higher
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from the 1.5 to 2 m depth than in the shallower part, most likely due to a transport of
oospores by waves and currents.

5.3.5. Topography of the Seafloor (Proxy of Intensity of Water Movement)

In this study, we did not directly assess the effect of water currents, which hypo-
thetically should be important for the spread and accumulation of charophyte fructifi-
cations. However, we analyzed the importance of currents by surrogates quantitative
geomorphological seafloor parameters (i.e., the slope, aspect, and TPI). The relative impor-
tance of geomorphological bottom parameters was not high (for the bottom aspect < 30%,
slope < 11%, for the TPI < 3%). Nevertheless, we think that they indirectly revealed the
effect of water currents since the high density of empty fructifications corresponded to the
relatively flat western slopes. This can be explained by downwards transport of empty
oospores to deeper areas, i.e., navigation channel, which is situated along the western shore
of the study area. With respect to the TPI, the presence of full fructifications was related
to lower seafloor locations (valleys) rather than to higher places (ridges). Viable oospores
or gyrogonites are heavier than empty ones and probably are more often accumulated in
seafloor depressions.

5.3.6. Waterfowl

We found several viable fructifications in the areas where charophytes were not
recorded before, which could also be transported by waterfowl since they have a high
potential in the dispersal of aquatic macrophytes [55]. In the Curonian Lagoon, the highest
total bird number (30,000-48,000 ind.) was registered during the June-September 2018 [56],
wherein up to 25% of them belonged to herbivorous waterfowl (coots, mute swans, and
mallards). The data from transmitters attached to mute swans has provided preliminary
information that the main feeding, nesting, and molting areas correspond to the areas
vegetated by charophytes in the lagoon (Morkiiné et al., unpublished). These observations
are useful for the assessment of a potential role of herbivorous birds on a dispersion of
oospores in the study area, which requires an additional research.

6. Conclusions

The mayor number of charophyte oospores found in the estuarine part of the Curonian
Lagoon belong to the dominant charophyte species (C. contraria and C. aspera). The highest
mean density of all fructification types (full and empty oospores and gyrogonites) was
found on the eastern shore, where the dense charophyte stands are established. Viable
fructifications extended up to the 2.5 m depth, showing the improving status of charophyte
stands. The temporal changes of oospore density followed the seasonal pattern—the
density in autumn represented the quantity of matured oospores during summer, while
the density in spring indicated how many viable fructifications remained after winter and
how many had an opportunity to germinate.

The explained variation (deviance) in the occurrence and density of charophyte fructifi-
cations by the environmental factors was relatively low. The main important environmental
variables were the distance to the charophyte stands, the salinity, the aspect, and the wave
exposure, which have also been determined as significant factors in other studies in the
Baltic Sea. In the lagoon, full fructifications were abundant in sheltered nearshore areas in
a proximity of around 1 km from the charophyte stands. The relatively lower importance
of the salinity and geomorphological seafloor parameters probably indirectly revealed
the effect of water currents. All these findings confirm our hypothesis that absence of
charophytes in some areas (especially western and southern parts of the study area) are
due to unfavorable environmental conditions (mainly due to the wave exposure and water
transparency) and lack of viable oospores. The mean density of viable fructifications in
spring was similar to the results recorded in other studies in the Baltic Sea and can be
considered as sufficient to maintain charophyte stands in the Curonian Lagoon.
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