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Abstract: Diatoms are reliable environmental bioindicators, but their application in coastal environ-
ments remains limited. Substrate has been put forward in the literature as an important variable
in determining diatom habitat preferences. This study focuses on benthic diatom assemblages and
their relationship with substrate specificity in a subarctic tidal environment, which could be rele-
vant for environmental monitoring and management. A variety of substrates were sampled and
physicochemical variables measured in various areas of the Bay of Sept-Îles region (northern Gulf of
Saint-Lawrence, Canada). We recorded 606 species at 14 sites from 11 substrate types to determine
the associations between diatoms and their habitats. Our results suggest that the variability of
assemblages in the bay is the result of a combination of the identified variables (temperature, salinity,
and total dissolved solids), explaining 26.5% of the variation, and other unmeasured variables (e.g.,
nutrients, wave action, and currents). Substrate was not identified as a significant variable in the
statistical analyses. However, some common species in the surveyed assemblages appeared to show
preferences for the substrates they colonized.
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1. Introduction

Coastal environments are increasingly affected by the impacts of human activities and
are among the ecosystems most threatened by climate change [1,2]. They are particularly af-
fected by various anthropogenic factors, such as eutrophication, pollutants from industries,
agriculture and urbanization, domestic sewage discharge, and habitat alteration by human
facilities [3]. Noise from boats, industrial activity, and construction in the coastal zone [4],
light pollution, and microplastic pollution also greatly affect coastal ecosystems [5]. Some
of the most pronounced effects of increasing atmospheric CO2 concentrations and climate
change on temperate and subarctic coastal regions include increased shoreline erosion due
to decreasing ice cover [6], sea level rise [7], an increase in storm frequency and strength [8],
ocean acidification [9], and an increase in water temperature [10].

Many of the changes that accompany the current warming conditions have been con-
ducive to easier and longer seasonal access to coastal environments in cold regions that are
ice-covered during half of the year or more [11]. Many of these regions, including Northern
Canada, are more and more frequented by maritime traffic and subjected to industrial and
port development [12]. Environmental surveillance and the implementation of sustainable
management and conservation practices are therefore a priority to maintain ecosystem
services in these regions [13]. The use of bioindicators is key among the strategies that are at
our disposal to effectively monitor the environment [14]. Diatoms (class Bacillariophyceae)
are excellent indicators of environmental conditions and are routinely used in freshwater
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quality assessment programs [15,16]. However, their use in coastal environments remains
limited. These microscopic algae, whose diversity can be estimated at between 200,000 and
2 million species [17], constitute the basis of aquatic food webs and are found in all aquatic
and wetland environments on the planet [18]. Their preferences and optima regarding
physicochemical variables drive assemblage composition that reflects the environment
in which the different species live [19,20]. Their distribution and species assemblages
are influenced by various environmental factors, such as nutrient concentrations, salinity,
pH, and temperature [20]. Substrate types appear to also be an influential variable on
diatom assemblages, as benthic species are classified according to their habitat preference.
Epilithon, which is attached to rocks, shows the most diversity due to the stability of
the substrate, which allows for the development of more assemblages [21]. As a result,
biofilms develop more readily and contain many diatom species [22]. Epiphytic species are
attached to plants [21]. They can grow on aquatic and terrestrial plants and bryophytes,
including mosses that are known to harbor diverse diatom assemblages [23]. Epiphyton
and epilithon can have species in common [16]. Epipsammon, found on sand grains, are
somewhat less diverse. Their assemblages are more unique due to the unstable substrate
and the lack of light to which diatoms must adapt [24]. Many epipsammic species are
in fact motile, allowing them to adapt to changing conditions. Epipelon, associated with
muddy sediments, also have a flora that must adapt to light changes [21]. Epipelic as well
as epipsammic diatoms also help to make sediments more stable through the production of
mucus that glues sand grains together [25].

In light of this classification, relatively few studies have focused on determining the
habitat preferences, in terms of substrates, of diatom species. In order to make better use
of diatom assemblages as bioindicators, it is necessary to refine our knowledge of their
autecology. This is particularly true for diatoms found in regions that remain poorly studied
but are under increasing anthropogenic pressure. This is the case for our study site, the
Bay of Sept-Îles (BSI), located in eastern North America. The development of diatoms as an
effective bioindicator of coastal ecosystems will increasingly be used for environmental
management strategies of this type of environment under local and global changes. For
environmental quality assessment, understanding how substrate influences diatom assem-
blages is critical because it allows scientists and environmental managers to identify and
interpret changes in these communities. This knowledge also helps optimize sampling
strategies, and can guide the decision on whether collecting different types of substrates or
sampling one specific type at each site is necessary [26,27]. By monitoring diatom commu-
nities over time, it becomes possible to track changes in water quality, detect environmental
disturbances, and assess the effectiveness of environmental management measures.

The objectives of this study were therefore (i) to describe the benthic diatom assem-
blages found on different substrates of the intertidal zone, and (ii) to determine whether
substrate type, combined with other environmental variables, can explain diatom species
assemblage structure at these sites. We postulated that substrate type exerts a significant
influence on the distribution and assemblages of intertidal diatoms in the BSI.

2. Materials and Methods
2.1. Study Site

Our study area was the BSI and its surroundings, located between latitudes 50◦08′

and 50◦17′ N and longitudes 66◦36′ and 65◦55′ W (Figure 1). The Sept-Îles region is located
on the northern Gulf of St. Lawrence in the province of Quebec, Canada. This coastal
environment consists of a mix of salt water brought in by the Atlantic Ocean and fresh
water from the St. Lawrence River system, as well as the rivers that flow into it [28,29].
Sept-Îles has a subarctic climate, and coastal ice has historically covered the bay between
November and early April [30].



Hydrobiology 2023, 2 539

Hydrobiology 2023, 2, FOR PEER REVIEW 3 
 

 

has a subarctic climate, and coastal ice has historically covered the bay between November 
and early April [30]. 

 
Figure 1. Location of the Bay of Sept-Îles (BSI) on Québec’s North Shore, and of the geographical 
elements mentioned in the text. The numbers are the analysed sites.  

The bay is protected from storms, which allows for the development of underwater 
vegetation and the sedimentation of clay. A large eelgrass (Zostera marina) bed measuring 
several km2 has recently established in the shallow sectors of the bay [29]. On the terres-
trial coastline, wetlands in the region are varied. Sandy beaches as well as intertidal 
marshes can also be found; salt marshes are the dominant environmental type [31]. Low-
lying beach terraces and spits of land characterize the coastline [32]. Sand makes up an 
important percentage of the sediment [33]. 
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Figure 1. Location of the Bay of Sept-Îles (BSI) on Québec’s North Shore, and of the geographical
elements mentioned in the text. The numbers are the analysed sites.

The bay is protected from storms, which allows for the development of underwater
vegetation and the sedimentation of clay. A large eelgrass (Zostera marina) bed measuring
several km2 has recently established in the shallow sectors of the bay [29]. On the terrestrial
coastline, wetlands in the region are varied. Sandy beaches as well as intertidal marshes
can also be found; salt marshes are the dominant environmental type [31]. Low-lying beach
terraces and spits of land characterize the coastline [32]. Sand makes up an important
percentage of the sediment [33].

The circulation in the bay is considered estuarine, with surface currents flowing
seaward, while the deeper currents flow in a shoreward direction. The work of Shaw et al.
(2022) [34] showed that surface currents are, on average, circular and in a cyclonic direction.
They have an average speed of 17.4 cm s−1 with a maximum speed reaching 86.6 cm s−1.
Observations made with drifting buoys have verified that surface currents are dominated
by winds. It is the interaction between tides, winds, estuarine circulation, and the effects of
Earth’s rotation that generally guides the currents in the bay. Four rivers flow into the BSI:
the Hall, des Rapides, aux Foins and Poste Rivers. Approximately 22 m3 s−1 of freshwater
flows into the bay annually [35]. Numerous streams also drain into the bay, but these have
little influence on freshwater and sediment input to the bay [29]. The BSI is subject to a
semi-diurnal tidal system, with water levels ranging from 0.49 m to 2.72 m, and a mean
water level of 1.52 m [36].

The Sept-Îles municipality extends from the Ste-Marguerite River in the west, including
the Gallix residential area, to the Moisie River in the east (Figure 1). The city of Sept-Îles,
is located on the northeastern and eastern shores of the bay. Numerous human activities
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are carried out in the BSI, mainly related to the port, fishing, and mining sectors. In
particular, the Port of Sept-Îles has docks in the city of Sept-Îles and on Pointe Noire, in
the southwestern part of the bay, where the Aluminerie Alouette is located, the largest
aluminum smelter in the Americas. The IOC-Rio Tinto company, specialized in iron ore
and pellets, is located east of the bay [37]. Small-scale agriculture is also practiced in the
bay (Le végétarien) and the islands of the archipelago offer various tourist activities. Grosse
Boule Island is home to La Ferme Maricole Purmer, which grows mussels, scallops, and
edible seaweed [38].

The BSI is a perfect example of a coastal environment that is likely to be affected
by many environmental changes related to both climate change and human activities.
Indeed, the BSI is of significance in the port, fishing, and mining industries in Eastern
Canada and internationally. The Port of Sept-Îles is the most important mineral port in
North America and ranks second among Canadian ports in terms of the volume of goods
that it handles [29,39]. Due to the importance of these industries, the bay experiences
marine traffic, which is one of the most likely disruptive factors in the environment [40].
Vessels are noisy, can contribute to the establishment of invasive exotic species, resuspend
contaminants upon anchoring, and promote water mixing [37]. The BSI is also subject to
shoreline erosion [40]. Scenarios based on recent climate changes indicate that a decrease
in ice cover generates an increase in erosion through the arrival of storm waves [32]. Since
2010, a decrease in sea ice has been observed in the Gulf of St. Lawrence [41]. Notably,
Demers (2018) [30] observed a later arrival of sea ice and an earlier melt during the winter
of 2016–2017, with an area smaller than usual. This trend is also visible in the BSI (ES-T, JC,
pers.obs.).

An environmental monitoring observatory has been established in the BSI since 2013
with the goals of understanding the various potential impacts and guiding managers to
better predict and avoid them [37]. Several studies have been conducted in the bay as part
of the observatory, including water and sediment analyses [42,43] and studies on benthic
macrofauna community structure [33]. However, this is the first study to be conducted
on the diatoms of the BSI. The Canadian Healthy Oceans Network (CHONe2) selected
the BSI as a study site from 2015 to 2021 to enable sustainable development in the region
and to study the effect of cumulative impacts of various pressures. Ports are particularly
important environments in a society, but can create several environmental risks [13]. It is
therefore necessary to establish biomonitoring tools in these areas in order to better assess
the evolution of the health of the ecosystems and their ecological integrity.

2.2. Sampling and Substrates

A total of 38 sites were sampled in the study area between the 22 and 30 July 2020. At
each site, depending on the type of environment, several types of substrates were collected:
various submerged plants (eelgrass, algae, algae growing on rocks), wood, shells, barnacles,
surface sediments, sand, and rock biofilm, as well as a piece of polystyrene and a piece of
metal (Figure 2). For hard surfaces like rocks, a toothbrush was used to scrub the surface,
allowing the diatoms to detach. As for soft substrates such as sediments, a small amount
of material was directly collected from the surface using a spatula. The collected material
was then placed in tightly sealed tubes, refrigerated, and protected from light, until further
analysis in the laboratory. Algae were put into sample bags and scrubbed with a spatula in
the laboratory to collect the biofilm. The samples were taken at low tide and came from
various sectors of activity, including the marina (site 24), near the aluminum smelter (site
33), docks and ship terminals (site 17 and site 23), agricultural areas (site 4), residential
areas (site 7), and recreational sites (parks and campsites; sites 1, 3, and 6). Two samples
were taken from the islands, one on Grande Basque Island (site 32) and one next to La
Ferme Maricole Purmer on Grosse Boule Island (site 36). Fourteen coastal brackish water
sites were used for the analysis presented here, for a total of 42 samples (Figure 1).
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Figure 2. Examples of sampled substrates and sites: barnacles (a), eelgrass (b), rocks (c), wood
(d), submerged algae (e,g), metal (f), polystyrene (h), site 16 (i), site 1 (j).

2.3. Environmental Data

At each site, several physicochemical variables were measured using a Hanna HI 9829
probe. These include pH, total dissolved solids (TDS), salinity, turbidity, temperature, and
oxidation-reduction potential (ORP) (Table 1). All measurements were made at the surface
of the water column at the time of sampling, as well as on two other occasions during the
field trip at each of the sites, except for less accessible sites such as those on the islands.
Measurements for the latter were taken only once, at the time of sample collection.
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Table 1. Means of measured environmental variables and substrate types collected at each study site.

Sites 1 3 4 6 7 14 16 17 18 23 24 32 33 38

Types of
collected

substrates

Algae,
eelgr. 1,

rock,
shell,
sed. 2,
sand

Wood,
rock,
sed.,
algae

Shell,
eelgr.,
sed.

Shell,
sed.

Rock,
barn. 3,
algae

Algae,
shell,
rock,

algae-r. 4

Algae-
r.,

wood,
eelgr.,
rock

Metal Algae,
rock

Algae-r.,
styrof. 5,

algae,
shell,
rock

Algae,
barn.

Rock,
algae

Algae-
r.,

rock
Barn.

pH 8.0 6.4 8.1 7.7 7.4 7.6 8.1 8.3 8.1 8.1 8.3 8.6 8.4 8.4

ORP (mV) 208.4 231.9 184.1 219.93 184.6 187.5 216.57 175.9 201.3 179.0 190.9 208.5 304.1 204.1

TDS (g/L) 12.5 1.9 17.4 15.34 7.8 5.8 21.38 21.7 19.7 21.2 21.5 20.0 20.1 22.0

Salinity
(PSU) 2.6 2.0 21.90 17.04 8.3 6.4 27.63 28.0 25.2 27.3 27.7 25.7 26.0 28.4

Turbidity
(FNU) 5.3 10.5 14.0 31.13 5.5 60.3 42.50 1.9 1.7 7.7 1.7 0.0 1.10 10.00

Water
temp. 6

(◦C)
20.5 17.5 21.4 25.46 15.8 21.5 14.60 14.6 15.5 15.5 14.7 19.2 17.5 17.7

1 Eelgrass; 2 sediment; 3 barnacle; 4 algae on rock; 5 polystyrene; 6 temperature.

2.4. Diatom Analysis

The samples were treated with hydrochloric acid (37% HCl) to remove carbonates, and
with hydrogen peroxide (30% H2O2) to digest the organic matter. They were then put into
a heating bath at 80 ◦C for about 6 h and cooled down to room temperature overnight. In
the case of a reaction with the addition of chemicals, the sample was set aside for 24 h, and
then, heated again. Once this step was completed, the samples were rinsed and decanted
5 times to reduce the acidity of the solutions. To mount the microscope slides, several
dilutions were performed. A 0.5 mL drop of the silica solution was placed on a cover slip
and air-dried in a dust-free container [44,45]. The cover slips were mounted onto the slides
using Meltmount © thermoplastic resin [46], which has a refractive index of 1.704 (the same
as Naphrax, which is commonly used to mount diatom slides). A minimum of 400 valves
per sample were enumerated by following random transects on the slides using a Leica
DMRX light microscope equipped with differential interference contrast (DIC) illumination
at ×1000 magnification under oil immersion. Valves that were broken but retained more
than half and at least one end were counted as one valve. Numerous photomicrographs
were taken of diatom valves and identified using different sources [47–58]. As much as
possible, an effort was made to use sources focusing on coastal and marine environments
in the northern hemisphere.

2.5. Data Analysis

All species with a relative abundance of at least 1% in at least one site were retained
for subsequent analyses [59]. The rarest species were therefore removed to reduce the risk
of misidentifications [60] and to eliminate rare species whose presence is generally related
to chance [61]. For statistical analysis, the total relative abundance of each species was
used. In order to reveal species richness, the diversity and the Shannon–Wiener index
for each site were determined, using the diversity function in the vegan package [62] of
the R statistical software [63]. The 15 most abundant species among all samples were
then identified, and their distribution among different substrate types was analyzed and
presented as two stacked bar charts. Analyses were first performed using the 11 substrate
types collected, and then, using substrates grouped into 4 habitat groups: plants, hard
substrates (rocks, barnacle shells, metal, and wood), soft substrates (sand and sediment),
and debris (polystyrene). The most frequent taxa within the 42 samples were also identified,
i.e., all those with a frequency above 50%, meaning they were found in at least half of
the samples.

To identify similarities between the assemblages of the different samples, a clustering
analysis was performed according to the Bray–Curtis similarity index [64] with the vegdist
function. An unconstrained analysis was also performed to determine whether the 4 habitat
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groups were different. The ordiellipse function was used to show the standard errors of
centroid ellipses.

Substrate, TDS, salinity, pH, ORP, turbidity, and temperature were the environmental
variables that were selected for analysis. Each substrate type was assigned a number
to facilitate the analyses. An analysis without grouping the substrate types was also
performed. In order to approximate a normal distribution as much as possible, a logarithmic
transformation was applied to the variables when necessary (except pH) [61]. For the same
reason, a square root transformation was applied to the relative abundances of species [65].
Environmental variables were then standardized using R since they do not all have the
same unit [61]. Detrended correspondence analysis (DCA) identified the distribution
of the data as unimodal (standard deviation greater than 2 [66]) using the DECORANA
function. A canonical correspondence analysis (CCA) was then performed to identify the
variables exerting the highest influence on the diatom assemblages. The significance of the
models was also tested using the ANOVA function. Several partial CCAs were generated
using one variable at a time to obtain the contribution of each environmental variable
to the assemblages. The permutation test using the ANOVA function (999 unrestricted
permutations, p ≤ 0.01) was applied to test the significance of each variable [67].

3. Results
3.1. Dominant Species

A total of 606 species were identified from the 42 samples analyzed. After applying
the cut-off criterion (at least 1% relative abundance in at least one sample), 398 species
were eliminated, leaving a set of 208 taxa (Supplementary Materials Figures S1–S23) for
statistical analyses. These species represent 46 genera, with Navicula being the most diverse
(46 different species), followed by Nitzschia (34 species). Among these 208 taxa, there are
16 groups of girdle views grouped according to genus, size, morphology, and number
of striae when more precise identifications were not possible. Girdle views of Eunotia,
for example, were grouped into three different groups according to their similarity. The
15 most abundant species overall are Nitzschia frustulum, Berkeleya rutilans, Cocconeis scutel-
lum, Achnanthes cf. kuwatensis, Cocconeis sp. 16, Navicula perminuta, Tabularia fasciculata,
Planothidium delicatulum, Diploneis cf. puella, Cocconeis placentula var. euglypta 2, Cocconeis var.
euglypta, Nitzschia liebetruthii, Gomphonemopsis exigua, Navicula gregaria, and Planothidium cf.
hauckiana. They represent a proportion above 1.80% relative abundance compared to the
total species counts among all the samples (Table 2).

Table 2. The proportion of the 15 most abundant species found in all 42 samples.

Taxa Proportion (%)

Nitzschia frustulum 9.62
Berkeleya rutilans 7.27
Achnanthes cf. kuwaitensis 3.75
Cocconeis sp. 16 3.52
Navicula perminuta 3.30
Tabularia fasciculata 3.00
Planothidium delicatulum 2.45
Diploneis cf. puella 2.35
Cocconeis var. euglypta 2 2.12
Cocconeis placentula var. euglypta 2.12
Nitzschia liebetruthii 2.07
Gomphonemopsis exigua 2.03
Navicula gregaria 1.94
Planothidium cf. hauckiana 1.83
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In terms of frequency, Tabularia fasciculata, Nitzschia frustulum, and Cocconeis scutellum
are the three most common species found among the 42 samples; they are found in 90.48%,
90.48%, and 80.95% of all samples, respectively (Table 3).

Table 3. Frequency of the most common taxa, found in ≥50% of the 42 samples.

Taxa Frequency (%)

Nitzschia frustulum 90.48
Tabularia fasciculata 90.48
Cocconeis scutellum 83.33
Cocconeis costata 76.19
Navicula perminuta 76.19
Berkeleya rutilans 73.81
Gomphonemopsis exigua 69.05
Navicula sp. 102 69.05
Thalassionema nitzschioides 69.05
Achnanthidium delicatulum 66.67
Cocconeis placentula var. euglypta 64.29
Nitzschia palea 64.28
Planothidium cf. hauckiana 61.90
Navicula gregaria 61.90
Nitzschia dissipata 59.24
Navicula group 1 (gidle view) 57.14
Grammatophora oceanica 57.14
Navicula phyllepta shape 1 52.38

3.2. Diversity

The diversity of the assemblages in the 42 samples vary between 5 and 71 species. The
lowest diversity is found at site 7 on an algal sample where Berkeleya rutilans is dominant at
73.44%, and the highest at site 1 on a shell. The diversities calculated using the Shannon–
Wiener index (H’) vary between 0.43 and 3.81, with four samples having a value lower
than 1. Samples 23A (algae on rock), 23G (rock), and 23D (algae), followed by 7E (algae),
have the lowest values, where Cocconeis placentula var. euglypta 2 (87.53%), Achnanthes cf.
kuwaitensis (88.38%), and Berkeleya rutilans (83.92% and 73.44%) dominate, respectively.

3.3. Substrate Preferences

Regarding the distributions of the 15 most abundant species according to the different
substrate types (Figures 3 and 4), Navicula perminuta and Berkeleya rutilans are present
in the majority of samples from algae, at 53.48% and 59.26%, respectively. Achnanthes
cf. kuwaitensis is mainly found on hard substrates (Figure 3), including shells (35.77%)
and rocks (62.80%) (Figure 4). Nitzschia frustulum, on the other hand, is found on several
different habitats but seems to be more often present on hard substrates (Figure 3).

The dendrogram obtained using the the Bray–Curtis similarity index (Figure 5) shows
that the samples do not cluster by substrate type, but rather, by site. Samples 14D (rock),
14B (algae on rock), 14A (algae), and 14C (shell) are in close proximity, for example. A
similar observation can also be made for different substrate types at sites 23 and 18.

The results of the unconstrained analysis (Figure 6) show that the soft substrates
group seems to differ from the other types. No clear pattern emerges to differentiate hard
substrates from plants, however.
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Figure 6. Principal component analysis (PCA) showing the ellipsis hull and standard error of the
4 groups of habitats (soft, hard, plants, debris).

For the sake of clarity, only the CCA results (Figure 7) using the 4 substrate groupings
are presented instead of the one using the 11 substrates (the CCA performed without
grouping the substrates is in the Supplementary Materials, Figure S24). There is no sig-
nificant difference between the two models. The results of the CCA, as well as the partial
CCA, show that only 26.5% (compared to 26.2% using the 11 types of substrates) of the
variation in assemblages is explained by these environmental variables. Obtaining low
variance is common in cases where many species are found among the samples [68]. Only
three variables are statistically significant, namely, salinity (7.8%), temperature (7%), and
TDS (5.5%). Substrate, pH, ORP, and turbidity are not significant in these analyses. The
CCA shows the 42 samples as well as the seven variables used for analysis, with the order
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of the samples along an arrow roughly corresponding to the order of the values of the
environmental variable by site [69]. Salinity and TDS are correlated, since arrows pointing
in the same direction show a correlation [70]. Sites with similar assemblages are in close
proximity [69]. Similar to the observation made on the dendrogram, some samples are
grouped by site rather than substrate type. For example, samples from site 1 are close to
each other in the upper left quadrant.
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4. Discussion

This study is the first to examine intertidal diatom assemblages in the BSI. It provided
an initial assessment of the diversity and distribution of diatoms in this subarctic coastal
environment and examined the importance of certain environmental variables that may
influence their spatial distribution. We were able to observe that some species seem to
prefer specific substrates, while others are rather distributed over various habitat types.
Moreover, we observed that similar assemblages clustered by site, rather than by any
specific variable.

4.1. Identified Diatom Assemblages

The species found among the samples generally correspond to those found in coastal
brackish water environments [28,49–53,71]. Cocconeis placentula var. euglypta and Tabularia
spp. are part of a group of freshwater to brackish benthic diatoms found in the surface
sediments of the Gulf of St. Lawrence [28]. Nitzschia frustulum is particularly abundant in
the studied samples. This species is very common in the lower Estuary of St. Lawrence, as
well as on the North Shore of Quebec [49].

The assemblages can also be compared to those of the Baltic Sea because this envi-
ronment shares characteristics with the BSI; it is a semi-enclosed environment containing
brackish water and is economically important in Northern Europe [68]. Berkeleya rutilans,
for example, is very abundant in the Baltic Sea [50], as well as in marine estuaries and on
the North Shore of Quebec [50]. It is considered an epiphytic species found in marine and
brackish environments [72]. The same observation can be made in our study; Berkeleya
rutilans is indeed found in abundance on algae in the BSI. Planothidium delicatulum is among
the dominant species in the littoral zone of the Gulf of Riga, located in the eastern Baltic
Sea [73]. It is regularly found in brackish to marine coastal waters [55,72,74]. The latter
is considered an epipsammic species, occurring on sand grains in shallow intertidal and
subtidal areas [75]. In the BSI, this species is abundant in sediment samples. Several species
found in our study were also found in other estuarian areas like the Tagus Estuary in
Portugal, where Navicula gregaria was one of the most common species, as is the case in
our results, and is considered epipelic, often found in brackish water. This preference
differs, however, from what we observed, whereby Navicula gregaria was dominant on
hard substrates in the BSI (Figure 3). As in our study, Nitzschia frustulum was found to be
one of the most common and frequent Nitzschia taxa observed in the Tagus Estuary. Its
abundance was higher at sandy stations in the latter, while hard substrates seemed to be its
preferred habitat within the BSI [76]. In the coastal area of Kuwait, Cocconeis scutellum has
commonly been observed in epiphytic assemblages and intertidal sediments, which seems
to correspond with what we found in the BSI, although we also found this species on rock
substrates [77].

4.2. Significance of Substrates

In the BSI, some species, such as Berkeleya rutilans, Achnanthes kuwaitensis, and Navicula
perminuta, seem to show a preference for a certain type of substrate (Figures 3 and 4). Cocconeis
spp. are known in the literature to be epiphytic or abundant on hard substrates [17,50,68].
For example, Cocconeis scutellum is considered an epiphytic and often epipelic species [56],
which is indeed the case in our analyses, grouping within different substrate types (Figure 3).
It is also an abundant species on eelgrass; a study conducted only on this substrate type
identified Cocconeis scutellum as one of the dominant species on Zostera japonica and, as the
pioneer colonizer, on Zostera marina [78]. Yet, of all the variables measured, substrate is
not what most influences diatom species in this study, based on the multivariate statistical
analyses employed. It is then possible to ask if the spatial distribution of sites plays a
role in the results obtained. After analyzing the distribution of Cocconeis scutellum on two
sites with different substrates (1 and 16), it was observed that the preferences of this taxon
change strongly from one site to another. At one site, the species is dominant on rocks,
while at the second site, it is dominant on eelgrass. The fact that some species are more
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ubiquitous than others could partly explain why substrate type did not turn out to be a
significant variable in our dataset. The soft substrate assemblage differs, however, from
the hard, plant, and debris habitats (Figure 6). The assemblage as a whole is different, but
the species found are not good indicators of this type of habitat, since many of them also
appear on several other types of substrates (Table S1).

Regarding the diversity measures, some samples have low alpha diversity; however,
the physico-chemical parameter dataset studied here does not explain the cause. Other
environmental variables should be measured in future studies. We measured nutrient
data for offshore sites in the study region, between 1 and 4 km away from the coast. The
total phosphorus median at these sites was 70.00 µg/L, with a maximum concentration of
105 µg/L and a minimum of 30 µg/L. As for total dissolved nitrogen, all measurements
were below the detection limit, except for two sites that are offshore site 33 (Figure 1),
around the Pointe-Noire area. We did not use these data here, since they were not measured
directly at the sampling sites.

According to our results, the variability in the assemblages in the BSI would be
determined using a combination of the identified variables (salinity, temperature, TDS),
explaining 26.5% of the variation, as well as using non-measured variables. Nutrient
concentrations, for example, were not measured but are known to have a significant impact
on diatoms [14,68,79]. Other variables that may explain species distribution in the BSI
could be wave and current exposure. Indeed, Busse and Snoeijs (2003) [80] sampled several
intertidal submerged rocks and identified wave action as the main environmental factor
influencing species drift and distribution. In addition, the communities found on the
rocks were made up of a combination of species from several different habitats. A similar
result was found on the South Florida coast, where epiphytic, planktonic, and sediment
assemblages were similar, showing a dynamic tidal influence [61]. Exposure to wave action
may also play a role in the spatial variation in the proportions of certain species [73]. This
variable may partly explain the results obtained for this study, where no clear assemblage
can be attributed to any specific substrate type. Assemblages from rocks, submerged plants,
sand, and sediment could mix due to tidal and wave action. Diatoms are sensitive to
tidal currents, as well as to flooding frequencies [25]. Similar findings have also been
obtained in other types of environments related to this issue. Cetin (2008) [81] sought
to identify epipelic, epilithic, and epiphytic diatom assemblages in the Göksu River in
Turkey and concluded that no clear patterns were found for these habitats. In the Canadian
Arctic Archipelago, no significant differences were found between epilithic and epiphytic
assemblages in several rivers [82].

The main hypothesis of this study is therefore not completely validated, since ac-
cording to the statistical results obtained here, substrate types do not exert a significant
influence on diatom assemblages in the BSI. Our findings are in contradiction with much
of the literature, although some studies show similar results. Yet, our study highlights
that species distributions, individually across several substrate types, indicate that some
diatom taxa display preferences. The BSI is a dynamic system with its circular currents and
the high influence of freshwater inputs arriving from the different rivers in the area. This
could partly explain why it was difficult to find specific substrate preferences in this study.
Further analysis is needed to identify additional variables that explain the differences in
BSI intertidal assemblage composition, including wave exposure, currents, and nutrient
concentrations. Additionally, incorporating the use of metabarcoding could also contribute
to resolving differences in species diversity, which could inform statistical results relating
to environmental preferences. This study shows that substrate does not seem to have a
significant influence on the majority of intertidal diatom taxa, and that diatom assemblages
are similar on different substrates from a given site. Therefore, sampling multiple types of
substrates at one site is not necessary to determine species assemblage composition in this
region, considerably reducing the amount of time needed for diatom-based environmental
assessments. This study has established base knowledge of the diatom species present in
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the BSI and will be useful for future research and ecosystem monitoring in the area and in
similar ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/hydrobiology2040036/s1, Table S1: Presence on the different sampled
substrates of the 208 taxa used in the statistical analysis.; Figures S1–S23: Plates showing the 208 taxa
used in the statistical analysis; Figure S24: CCA showing the relationships between the environmental
variables, different substrate types, sites and species with a relative abundance >1% (red cross).
Variables represented by dark blue arrows are significant (p < 0.01).
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