By vater MDPI|

Article
Biodiversity and Habitat Assessment of Coastal

Benthic Communities in a Sub-Arctic Industrial
Harbor Area

Elliot Dreujou 23*, Christopher W McKindsey 24, Cindy Grant 235, Lisa Tréau de Coeli 235,
Richard St-Louis 2¢ and Philippe Archambault 235

1 Institut des Sciences de la Mer, Université du Québec a Rimouski, 300 Allée des Ursulines,
Rimouski, QC G5L 3A1, Canada

2 Québec-Océan, Université Laval, 1045 Avenue de la Médecine, Québec City, QC G1V 0A6, Canada;
chris. mckindsey@dfo-mpo.gc.ca (C.W.M.); cindy.grant@takuvik.ulaval.ca (C.G.);
lisa.treau-de-coeli@takuvik.ulaval.ca (L.T.d.C.); richard_st-louis@ugqar.ca (R.S.-L.);
philippe.archambault@bio.ulaval.ca (P.A.)

3 Takuvik Joint UL/CNRS Laboratory, Université Laval, 1045 Avenue de la Médecine,
Québec City, QC G1V 0A6, Canada

4 Maurice Lamontagne Institute, Fisheries and Oceans Canada, 850 Rue de la Mer,
Mont-Joli, QC G5H 374, Canada

> Département de Biologie, Université Laval, 1045 Avenue de la Médecine,
Québec City, QC G1V 0A6, Canada

¢ Département de Biologie, Chimie et Géographie, Université du Québec a Rimouski, 300 Allée des
Ursulines, Rimouski, QC G5L 3A1, Canada

* Correspondence: elliot.dreujou@ugar.ca

Received: 10 July 2020; Accepted: 24 August 2020; Published: 28 August 2020

Abstract: Coastal ecosystems face increasing anthropogenic pressures worldwide and their
management requires a solid assessment and understanding of the cumulative impacts from human
activities. This study evaluates the spatial variation of benthic macrofaunal communities, sediments,
and heavy metals in the sub-Arctic coastal ecosystems around Sept-iles (Québec, Canada)—a major
port area in the Gulf of St. Lawrence. Physical sediment properties varied in the studied area, with
a general sandy-silty profile except for specific locations in Baie des Sept Iles where higher organic
matter and heavy metal concentrations were detected. Macrofaunal assemblages were evaluated for
two taxa size classes (organisms > 0.5 mm and > 1 mm) and linked to habitat parameters using
regression models. Communities of smaller organisms showed signs of perturbation for one
assemblage close to industrial activities at Baie des Sept fles, with an increased number of tolerant
and opportunistic species, contrasting to neighboring regions whose compositions were similar to
other ecosystems in the Gulf of St. Lawrence. This study enhances the understanding of sub-Arctic
benthic communities and will contribute to monitoring programs for industrial harbor ecosystems.
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1. Introduction

It is now widely recognized that marine ecosystems worldwide are susceptible to human-
induced disturbances [1], and benthic coastal habitats rank among the most vulnerable [1,2]. When
human activities influence ecosystems, communities may be modified by the loss of sensitive species
and the selection of tolerant or opportunistic species, for example [3,4]. Such changes in species
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composition concomitantly impact ecosystem structure, affecting community characteristics (e.g.,
species richness, evenness) or ecosystem functional diversity [5-8]. Understanding the links between
disturbances and community responses is therefore relevant to understanding ecosystem evolution
and stability.

In the context of increasing anthropogenic influences on marine ecosystems, a better
understanding of ecosystem effects is needed for efficient conservation and management measures,
along with sustainable development. Many organizations have highlighted the importance of
biologically diverse ecosystems for mankind and have set targets to preserve them and guide decision
makers (e.g., [9-11]). To achieve these goals, tools are needed to detect and manage human influences
on the environment.

Many factors influence ecosystems, from large-scale (e.g., climate, oceanic circulation) to small-
scale phenomena (e.g., sediment perturbation, species interactions), which are often location- and
temporal-specific [12]. This complexity is a major concern for environmental assessment studies,
where the goal is to detect possible human influence in a context of natural variability. Ecosystem
status is considered in relation to a reference condition that corresponds to pristine or low human-
influenced conditions, which rely upon the best knowledge available [13]. Ecological groundwork,
such as biodiversity surveys, time series monitoring, or experimental studies, is then required to
understand the ecosystem structure and stability and how to define accurate reference conditions for
environmental assessments.

Macrofauna plays an important role in the structure and functioning of benthic marine
ecosystems [14,15]. Examples of this include engineering species (e.g., structural features for other
species, bioturbation) or interactions with nutrient cycles (e.g., nutrient burial in the sediment,
remineralization, benthos-pelagos coupling) [16-19]. As many macrobenthic species have a sedentary
lifestyle and a relatively long lifespan, they can serve as indicators of the ecological status to assess
and predict human influences (e.g., [20,21]). Finally, the macrofaunal compartment includes a variety
of individual body sizes, from larvae to fully grown adults, and distinctions from meiofauna can be
difficult to establish [22]. The definition of the body size range is an important consideration for
ecosystem biodiversity studies, as it will be a trade-off between increased biodiversity data by
including smaller organisms and increased fieldwork and identification time [23-25].

In Eastern Canada, the Gulf of St. Lawrence is subjected to a variety of human activities,
including industrial centers, commercial shipping, harbors, fisheries, and aquaculture [26-28]. Many
ecological surveys on benthic invertebrates are available, in particular thanks to periodic stock
assessment surveys, but few have specifically targeted coastal and shallow waters. One of the coastal
areas likely most influenced by human activities is around Sept-iles (Québec). In 2011, Sept-iles
harbor housed the sixth-largest Canadian port in terms of total exchanged goods, was second in terms
of loaded tonnage shipped internationally [29], and port infrastructure and activity have been
expanding since. Industrial activities at Sept-lles are largely focused on international shipping of iron
ore mined in northern Québec and Labrador and the production of aluminum, and there are many
fisheries operating in Baie des Sept fles (mainly snow crab, northern shrimp, halibut, and whelk) [30].
Sept-les ecosystems are considered sub-Arctic, with sea ice formation in November/December and
an important freshwater run-off due to snowmelt in April [31]. To our knowledge, no studies have
focused on benthic communities in this area. Thus, study of the marine ecosystems at Sept-iles and
neighboring regions will increase the understanding of sub-Arctic benthic ecosystems under
anthropogenic influence and enhance local environmental assessments.

The objectives of this study are to: (i) describe coastal habitats and macrobenthic communities
at Sept—iles, in order to provide the first benthic ecological survey of the area; (ii) evaluate the links
between communities and abiotic variables (including heavy metals); (iii) detect the presence of
similar benthic assemblages, along with their relationships with habitats; (iv) evaluate how
macrofaunal size range will influence community descriptions and relationships with habitat
parameters. We expect that human activities in the region will influence the benthic community
structure.
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2. Materials and Methods

2.1. Study Area

We targeted ecosystems in the Cote-Nord region of Québec, within four adjacent sectors
distributed along a 200 km coastline: Baie des Sept fles, the coast of Port-Cartier, and the entrances of
the Pentecote and Manitou rivers (Figure 1a). This area hosts several human activities, in particular
an industrial harbor and related industrial operations at Sept—iles, at the Pointe-Noire terminal (on
the southern section of Baie des Sept Iles) and the eastern side of Port-Cartier. Coastal ecosystems at
the entrances of the Pentecote and Manitou rivers are subjected to limited human influences. A village
is located at Pointe-des-Anglais (south of the Pentecdte River), with a summer peak of use,
particularly by tourists, and a decommissioned harbor. The Manitou River is relatively pristine,
without hydroelectric plants or major human settlements.
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Figure 1. Maps of the study area. (a) Location of the considered sectors; (b) Stations sampled in the
Pentecote River sector; (c) stations sampled in the coast of Port-Cartier sector; (d) stations sampled in
Baie des Sept lles sector; (e) stations sampled in the Manitou River sector.

Baie des Sept Iles is characterized by sandy beaches and tidal marshes, with a mean depth of 35 m
before the entrance of the archipelago [32]. It is influenced by freshwater inputs from multiple streams
and strong tidal currents resulting in a mixed water column and an estuarine circulation [33]. The other
sectors present a mix of rocky and sandy coasts, with a steep bathymetry to as deep as 200 m.

2.2. Sample Collection

We sampled coastal benthic ecosystems during three field campaigns: September 2014, June—
July 2016, and July 2017. Sampling stations were positioned in each sector using a randomization
algorithm, constrained between 0 m and 80 m deep. A total of 242 stations were sampled during these
campaigns, with 175 in Baie des Sept iles (Figure 1b), 19 in coast of Port-Cartier (Figure 1c), 15 at
Pentecote River (Figure 1d), and 33 at Manitou River (Figure 1e).

Benthic samples were collected using a Ponar grab (0.05 m?) deployed from a boat with two
independent casts. Station depth was obtained from the navigation sonar, then corrected with respect
to tide height at time of sampling. The first cast collected three samples for the analyses of organic
matter content, sediment grain-size, and heavy metal concentrations (habitat parameters). These
samples were stored at —20 °C until processing in the laboratory. All the sediment obtained with the
second cast was conserved for benthic macrofauna identification.
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Two sieve mesh sizes were considered for macrofaunal samples to provide information on how
the size range of the sampled individuals influences community descriptions and relationships with
habitat parameters. Sediments were then sieved with either a 0.5 mm (2014 and 2017) or a 1 mm mesh
size (2016 and 2017). This resulted in the inclusion of 166 stations for the 0.5 mm size class, located in
Baie des Sept fles and the Manitou River sectors, and 202 stations for the 1 mm size class, in all four
sectors. Retained individuals were preserved in a solution of BORAX-buffered formalin (4%).

2.3. Laboratory Work

2.3.1. Habitat Parameters

All samples collected during the three field campaigns were processed for organic matter and
grain-size analyses. The percentage of total organic matter (i.e., sum of organic carbon and organic
nitrogen) in the sediment was obtained by using the Loss-on-Ignition method [34]. Grain-size
analysis was done on a sieving column for the fraction with particles larger than 2 mm and with a
Laser Diffraction Particle Size Analyzer for the smaller fractions. Results from both techniques were
combined to yield a unified distribution range from 0.04 pm to 26.5 mm. From this, percentages of
gravel, sand, silt, and clay were calculated as defined by Wentworth [35] and Folk [36].

Heavy metals were analyzed only for stations sampled in 2014 and 2016 in Baie des Sept Iles,
due to practical and logistical constraints. Samples were processed at the analytical chemistry
laboratory of Institut des Sciences de la Mer (Université du Québec a Rimouski, Rimouski), using
Inductively Coupled Plasma Mass Spectrometry following a microwave mediated acid digestion of
the sediment [37]. We focused on metals for which toxicity criteria have been defined in the Biological
Effects Database for Sediments by Environment Canada [38]: arsenic, cadmium, chromium, copper,
mercury, lead, and zinc. We used this study to detect the toxicity of the sediment on benthic species:
five levels from Rare to Frequent Effects (corresponding to mild to high toxicity levels) have been
defined by aggregating experimental and field studies on the tolerance of species to concentrations
of heavy metals [37]. Iron and manganese were also added to this analysis to account for possible
contamination from local ore industries. To have a significant number of stations for the statistical
analyses and increase our spatial coverage, heavy metal concentrations for sediments from stations
sampled in 2017 in Baie des Sept fles were calculated based on 2014 and 2016 values with Inverse
Distance Weighting interpolation [39].

2.3.2. Biological Samples

Samples for macrofauna identification were sorted using a stereomicroscope. Individuals were
identified to the lowest taxonomic level possible with reference manuals and identification guides,
and names were validated according to the World Register of Marine Species [40]. Taxon density was
recorded for each station by counting individuals collected per grab.

2.4. Statistical Analysis

Statistical analyses were done using R v4.0 and PRIMER-e v6 with the PERMANOV A+ package
[41,42]. Habitat parameters were standardized by their mean and standard deviation prior to analysis
and species densities were log(x + 1) transformed to avoid the highest values from dominating
analyses. To address the fourth objective of this study, all following statistical analyses were done
independently for communities of individuals retained by the 0.5 mm sieve (hereafter referred to as
the 0.5 mm size class) and by the 1 mm sieve (the 1 mm size class) in order to compare their outcomes.

The Chao2 estimator was calculated to estimate the maximum expected number of taxa in the
study area, and a rarefaction curve was computed to present how sampling effort was related to the
observed biodiversity [43,44]. Taxa richness and total density of individuals were calculated for each
station, along with Shannon diversity (base e logarithm), Pielou evenness, and taxonomic distinctness
indices in order to provide integrative information on community structure, the relative prevalence
of constituent taxa, and their taxonomic breadth [45-48].
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To detect assemblages of similar taxa, we performed hierarchical agglomerative clustering based
on Ward’s method [49]. The optimal number of clusters was determined using a K-means algorithm
[49]. Community variability within each cluster (i.e., a measure of § diversity) was assessed by
calculating Bray-Curtis dissimilarity. Characteristic taxa, i.e., taxa that explained a significant
proportion of within-cluster similarity, were identified using the similarity percentage routine
(SIMPER; 9999 permutations) and the indicator value score (IndVal; 1000 randomization iterations)
[50,51]. We calculated average values of abiotic variables for stations grouped within each cluster to
detect possible ecological patterns and spatial relationships.

We examined relationships between the benthic community (independent variables) and habitat
parameters (predictors) using regression models. Because heavy metal concentrations were only
analyzed in Baie des Sept {les, we considered two models with different predictors and spatial ranges:
Model 1 with organic matter and grain-size classes (gravel, sand, silt, clay) at all sampled stations;
and Model 2 with heavy metal concentrations (arsenic, cadmium, chromium, copper, iron,
manganese, mercury, lead, zinc) at stations in Baie des Sept Tles. We studied potential links between
community characteristics (taxa richness, total density of individuals, Shannon diversity, Pielou
evenness) and both sets of predictors using multiple linear regressions. Variables were transformed
(logarithm or square root) if the assumptions of normality and homoscedasticity were not respected,
and multicollinearity was assessed by the Variance Inflation Factor [52]. Outlier stations were
determined using Cook’s Distance and removed from analyses [49,53], while correlations between
predictors was assessed by the Spearman rank coefficient: when two variables were strongly
correlated (|p| > 0.8), one was removed from subsequent analyses although both were considered in
interpretations [52]. Significant predictors were identified with a best fit model procedure with
package MASS (stepwise, with forward and backward selection of predictors), using the Akaike
Information Criterion as the decision metric [52,54]. Finally, we explored relationships between taxa
assemblages and both sets of predictors through non-parametric multivariate regression with
distance-based linear modelling (DistLM; 9999 permutations) [55]. Outputs of the clustering were
combined with the DistLM results in a distance-based redundancy analysis (dbRDA), a constrained
ordination method, to further identify relationships between clusters and habitat parameters [55].

3. Results and Discussion
3.1. Description of the Ecosystems

3.1.1. Sediment Parameters

Maps with the parameters values for each sampled station are presented in Figures 51 and S2.
Organic matter concentration in the sediment ranged between 0.17% and 3.87%, except for two
stations reaching 4.41% and 8.26%, and most sampled stations presented values inferior to 2%. The
highest organic matter values were observed in Baie des Sept fles, directly in front of the city of Sept-
Tles and the industrial facilities of Pointe-Noire, and in the western section of the bay close to Zostera
marina meadows.

Overall, sediment was mainly composed of a high sand content (average and standard error of
52.7% and 2.3%, respectively) mixed with silt (27.3% and 1.8%). Gravel content was very low at all
stations (3.5% and 0.7%), as was clay content (16.5% and 2.2%) except for 35 shallow stations in the
Baie des Sept Iles where a dominance by clay was evident (more than 80%).

Most of the heavy metal concentrations for stations in Baie des Sept Iles were below the lowest
toxicity criterion (Rare Effect Level) established by Environment Canada [38] and none reached levels
corresponding to the highest toxicity criteria (Probable or Frequent Effect Levels). Arsenic,
chromium, copper, mercury, and zinc concentrations reached low-to-moderate toxicity levels at 40,
167, 84, eight, and 49 stations out of 175, respectively. Interestingly, nearly all sampled stations
present a moderate toxicity to chromium, but St-Louis et al. [56] suggested that higher concentrations
could be related to the presence of post-glacial clays as a source of heavy metals, thus contributing to
the natural background sediment concentration of these metals. Heavy metal concentrations reported
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in our study area are lower than surrounding basal concentrations in the Gulf of St. Lawrence [57],
except for certain sites within Baie des Sept Iles. A possible explanation may be a dilution effect due
to tidal and hydrographic currents, but a circulation model is needed to confirm this hypothesis [33].
The highest values for arsenic, chromium, copper, iron, manganese, lead, and zinc (corresponding to
moderate toxicity levels according to the classification), are located in shallow areas close to Sept-iles
industrial harbors and the Pointe-Noire sector, which may be a possible source of metal enrichment
in the sediment as ore transformation industries operate in the area.

3.1.2. Benthic Community

The complete list of sampled taxa can be found in Table S1. A total of 289 taxa were identified,
with individuals from 14 phyla where annelids, arthropods, and mollusks were dominant (Table S1).
We compared this dataset with available inventories of benthic invertebrates, and we obtained a 70%
match with the Ocean Biodiversity Information System (OBIS) online database [58] and a 96% match
with the dedicated catalogue of the Gulf of St. Lawrence from Brunel et al. [59]. Most observed taxa
were new mentions for the Sept-Iles region. Ten taxa were not documented in the reference datasets
of OBIS and Brunel et al. [58,59]: Bathyporeia quoddyensis, Cyclaspis varians, Glycera alba, Microphthalmus
sczelkowii, Kirkegaardia sp., Mya pseudoarenaria, Pholoe minuta tecta, Phylo ornatus, Thyasira gouldi,
Tricellaria arctica; though C. varians, M. sczelkowii, M. pseudoarenaria, P. ornatus, and T. gouldi are
registered as being present in the region by the World Register of Marine Species [40]. Specific
diversity studies for coastal and shallow waters in the Gulf of St. Lawrence are scarce, in particular
for the Sept-iles region. Because historical surveys have mainly focused on commercially important
species, birds or cetaceans, further taxonomical groundwork is needed before robust interpretations
of these distributions can be made. Our study does not report the presence of known exotic species
in the area [60], however sampling campaigns considering other macrofaunal components, such as
rocky substrate communities or fouling invertebrates, would be a valuable addition to complement
this portrait.

Comparisons of biodiversity inventories obtained for each size class found 137 taxa in common,
while 114 were found only in the 0.5 mm size class (for a total of 251 taxa) and 38 only in the 1 mm
size class (total of 175 taxa). This difference highlights the advantage of using smaller mesh sizes to
survey macrofaunal diversity, as small individuals, larvae, and some juvenile stages cannot be
properly sampled with larger sieves and will result in a smaller biodiversity inventory [24]. When
we estimated the total taxa richness with the Chao2 index, we sampled 63% of the estimated taxa
pool (Chao2 = 397) for the 0.5 mm size class and 75% (Chao2 = 232) for the 1 mm size class. Thus, the
sampling campaigns were not able to survey the entire biodiversity of the region, where between 58
and 119 taxa may theoretically still be discovered or reported. The rarefaction curve for each size class
did not reach an asymptote, further reinforcing the need to increase sampling effort to accurately
describe the regional benthic biodiversity (Figure 2).

Number of taxa

= 0.5 mm size class
= 1 mm size class

T T T T T
0 50 100 150 200

Number of sites

Figure 2. Rarefaction curves for taxa assemblages of the 0.5 mm and the 1 mm size classes.
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The highest values of taxa richness and total density were found in the Baie des Sept {les sector,
in particular in front of the city of Sept-iles and in the southern section of the bay close to Pointe-
Noire (Figure S3). Densities as high as 2000 individuals per grab were found at these stations for the
0.5 mm size class, consisting of mostly the polychaete Micronephthys neotena. There was a decrease in
Shannon diversity, Pielou evenness, and taxonomic distinctness relative to other stations for both size
classes. These patterns may indicate that these communities experience local structuring factors, such
as ecosystem perturbation [3], which is further reinforced by the differences in habitat parameters
reported in the previous section.

A comparison between mean values of community characteristics obtained for each size class is
presented in Table 1. The major differences were observed for taxa richness (nearly twice as high for
the 0.5 mm size class) and for total density (nearly six times higher). As expected, more individuals
were retained by the 0.5 mm sieving mesh. The average Shannon index was slightly higher for the
0.5 mm size class, while average Pielou evenness was around 0.7 for both classes. Concerning
taxonomic distinctness, the majority of stations of both size classes were within the confidence
interval around the expected average (calculated by the standard deviation of the index in relation to
taxa richness), except for some 0.5 mm size class stations which were characterized by a low
taxonomic distinctness relative to the rest of the sampled stations (Figure 3).

Table 1. Mean values (and standard error) of community characteristics calculated with stations
included in the 0.5 mm and the 1 mm size classes.

0.5 mm Size 1 mm Size
Variabl Unit
arab’e n Class Class
Taxa richness taxa 14.27 (0.53) 7.58 (0.31)
Density of individuals ~ ind.grab' 22591 (32.94)  39.62 (4.3)
Shannon diversity NA 1.79 (0.04) 1.42 (0.05)
Pielou evenness NA 0.71 (0.01) 0.75 (0.02)
Taxonomic distinctness NA 69.14 (0.5) 76.49 (1.22)
75 (a) L.
70 88
*<] °
65 et % o
60 : O Cluster A
° o Cluster B
. Cluster C
1 1 1 1 1 1 1
0 5 10 15 20 25 30 35
Number of taxa
(b) S eeit,
80 2.8 g § 5 : g : g e °
9 70
60
Cluster D
o Cluster E
50 o Cluster F
0 5 10 15

Figure 3. Scatterplot of the taxonomic distinctness (A +) as a number of taxa sampled at a station. The
dashed grey line corresponds to the expected value of A + and the dashed grey curves are the upper

Number of taxa
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and lower limits of the standard deviation interval calculated with the value of A + at each station.
Point colour represent similarity groups defined by Hierarchical Agglomerative Clustering. (a)
Scatterplot for the 0.5 mm size class; (b) Scatterplot for the 1 mm size class.

Relationships between community characteristics and habitat parameters are described in Table
2. For both size classes, predictive power of the regressions varied between 0.02 and 0.5 and models
considering organic matter and grain-size classes as predictors presented higher R7;; than did those
considering heavy metal concentrations. Depth had a positive influence on nearly all community
characteristics except total density, which is coherent with general patterns of coastal marine
biodiversity [61-63]. Three groups of variables were strongly correlated: organic matter/silt,
chromium/iron/manganese, and copper/lead/zinc (thus considered together in interpretations).
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Table 2. Predictor coefficients (and standard error) from the multiple linear regression models of community characteristics obtained for the 0.5 mm and the 1 mm
size classes. Model 1 corresponds to organic matter and grain size classes as predictors for stations in every sector, and Model 2 corresponds to heavy metal
concentrations as predictors for stations in Baie des Sept fles only. OM = organic matter, As = arsenic, Cd = cadmium, Cr = chromium, Cu = copper, Fe = iron, Mn =

”

manganese, Hg = mercury, Pb = lead, Zn = zinc, n = number of stations considered, “—" = predictors excluded by the best fit model selection. Significant p-values

of marginal tests on predictors are highlighted in bold.

Model 1
Intercept Depth OMsilt Gravel Sand Clay R 2agj
0.5 mm size class (1 = 159)
Specific richness 0.02 (0.06) 0.24 (0.07) 0.29 (0.08) 0.2 (0.09) 0.25(0.12) 0.75 (0.11) 0.33
p-value = 0.7095 0.0011 0.0005 0.0267 0.0305 <0.0001
Density of individuals 0.02 (0.06) -0.09 (0.07) 0.54 (0.07) 0.12 (0.08) 0.52 (0.11) 0.89 (0.1) 0.5
p-value = 0.7992 0.1524 <0.0001 0.137 <0.0001 <0.0001
Shannon diversity 0.06 (0.06) 0.54 (0.07) — 0.16 (0.09) — 0.29 (0.07) 0.27
p-value = 0.3786 <0.0001 0.0671 <0.0001
Pielou evenness 0.05 (0.07) 0.31 (0.08) -0.14 (0.08) - -0.2(0.12) -0.22 (0.11) 0.16
p-value = 0.4181 <0.0001 0.0713 0.0825 0.0523
1 mm size class (1 =195)
Specific richness -0.03 (0.06) 0.27 (0.07) — — -0.39 (0.08) -0.46 (0.11) 0.25
p-value = 0.5874 <0.0001 <0.0001 <0.0001
Density of individuals -0.02 (0.07) -0.17 (0.08) — — -0.2 (0.09) -0.31 (0.13) 0.03
p-value = 0.7931 0.0234 0.0272 0.0217
Shannon diversity ~0.03 (0.06) 0.43 (0.06) — -0.12 (0.08) -0.31 (0.07) -0.32 (0.11) 0.34
p-value = 0.6265 <0.0001 0.1292 <0.0001 0.0029
Pielou evenness 0.02 (0.07) 0.31 (0.07) - - - - 0.1
p-value = 0.8276 <0.0001
Model 2
Intercept As Cd Cr/Fe/Mn Hg Cu/Pb/Zn RZagj
0.5 mm size class (1 = 142)
Specific richness -0.06 (0.08) -0.41 (0.13) -0.69 (0.15) — -0.46 (0.16) 1.03 (0.19) 0.18
p-value = 0.4276 0.003 <0.0001 0.0051 <0.0001
Density of individuals -0.11 (0.06) -0.51 (0.1) 0.74 (0.13) 0.27 (0.11) -0.73 (0.13) 1.43 (0.16) 0.49
p-value = 0.0641 <0.0001 <0.0001 0.013 <0.0001 <0.0001
Shannon diversity 0.04 (0.08) — — -0.28 (0.08) — — 0.07
p-value = 0.6124 0.0007
Pielou evenness 0.06 (0.08) — — -0.17 (0.08) — — 0.02
p-value = 0.4713 0.0345
1 mm size class (1 = 126)
Specific richness 0.06 (0.08) — -0.51 (0.15) — — 0.31 (0.15) 0.08
p-value = 0.4529 0.0009 0.0375
Density of individuals 0.02 (0.09) - - - - - 0
p-value = 0.8373
Shannon diversity 0.09 (0.08) - -0.43 (0.15) - - 0.29 (0.14) 0.05
p-value = 0.2492 0.0038 0.0437
Pielou evenness 0.06 (0.08) — — — — — 0

p-value = 0.4249
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For the 0.5 mm size class, most of the predictors selected by the best fit model procedure for
Models 1 and 2 had a positive influence on community characteristics, except for arsenic, cadmium,
and mercury in Model 2 where coefficients were negative (Table 2). Regressions for the 1 mm size
class resulted in fewer predictors selected, with a positive influence of copper/lead/zinc in Model 2
and a negative influence of sand and clay in Model 1 and cadmium in Model 2 (Table 2). When
comparing the outcomes of Model 1 for each size class, gravel, sand, and clay contents had opposite
effects. For Model 2, few heavy metals influenced the 1 mm size class compared to the 0.5 mm size
class, where only taxa richness and Shannon diversity were significantly related to predictors (with
a very low predictive power). These results may indicate an increased influence of metals on smaller
organisms, with an increased vulnerability except for copper/lead/zinc where the influence was
positive. Concentration of the latter metals in surface sediments may be closely correlated to sediment
texture [64], suggesting that this positive influence may also arise from a sediment composition
favorable to both copper/lead/zinc concentrations and benthic communities. Ellis et al. [65] reported
significant relationships between heavy metal loading and traits such as body size, but further
research is needed to understand responses of different macrofaunal components. Concerning the
whole benthic community, the DistLM procedures selected all available predictors in Models 1 and
2 for the 0.5 mm size class, with R? =0.27 and 0.18, respectively, while for the 1 mm size class depth,
organic matter/silt, sand, clay were selected in Model 1 (R?> = 0.14) and cadmium,
chromium/iron/manganese, copper/lead/zinc in Model 2 (R? = 0.07).

Regressions for the 1 mm size class had less predictive power than did those for the 0.5 mm size
class. Organism size may affect these regressions, as sieve size employed has been shown to influence
the calculation of community characteristics (see previous sections and e.g., [23,24]). Another possible
influence could be the sampling strategy, as the 0.5 mm size class considered stations in two sectors
while stations sampled for the 1 mm size class were located in four sectors. These results offer
valuable insights for the understanding of benthic ecosystems, especially in order to predict their
evolution when considering forcing factors, such as climate change or anthropogenic development,
on habitat parameters. Furthermore, comparison of models for the 0.5 mm and 1 mm size classes
allow to show how sampling strategies (e.g., sieving mesh size, spatial range considered) influence
community descriptions, which provides methodological recommendations for future
environmental assessments in this region.

3.2. Similarity between Taxa Assemblages

3.2.1. 0.5 mm Size Class

Hierarchical agglomerative clustering for the 0.5 mm size class identified three clusters of similar
stations (Figure 4a). Mean Bray—Curtis dissimilarity was 0.38, 0.85, and 0.69 for clusters A, B, and C,
respectively, indicating a higher variability for communities of stations within clusters B and C
compared to cluster A (Table 3). Mean within-cluster taxonomic distinctness varies between cluster
A (63.8%) and clusters B and C (69.9% and 70.4%, respectively). As shown in Figure 3a, stations from
cluster A were well discriminated from those of clusters B and C, because of a lower taxonomic
distinctness outside the confidence interval.
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Figure 4. Hierarchical agglomerative clustering of taxa assemblages. The dendrogram presents
relationships between stations, displayed on the map with one color for each group. (a) Clusters for
the 0.5 mm size class; (b) Clusters for the 1 mm size class.

Table 3. Bray—Curtis dissimilarity of the clusters obtained for the 0.5 mm and the 1 mm size classes.
The diagonal of the triangular matrix corresponds to within-cluster dissimilarity, and other cells are
across-cluster dissimilarity.

0.5 mm Size Class

A B C
A 37.68
B 92.53 84.85

C 90.37 91.67 69.35
1 mm Size Class
D E F
D 92.57
E 92.16 69.15
F 94.82 97.87 75.43

Stations of cluster A were located exclusively in Baie des Sept {les, in front of the city of Sept-iles
and the industrial operations of Pointe-Noire (Figure 4a). The benthic community of stations in
cluster A was dominated by annelids, representing 89.5% of the sampled individuals, with some
phoronids (5%). Micronephthys neotena, Nephtys sp., Prionospio steenstrupi, Scoloplos armiger, and
Phoronida accounted for 51% of the total contribution to cluster similarity, while 50 taxa were selected
by the IndVal index as characteristic of the community based on their contribution to the cluster
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similarity. These stations were shallow, at 4 m deep on average, with a high organic matter content
and a sediment mostly composed of clay, and average heavy metal concentrations were the highest
observed in our sampling (Table 4). Several characteristic taxa can be linked to human perturbation:
M. neotena has been found in high density at decommissioned dump sites within Baie-des-Chaleurs
(eastern Canada), suggesting an opportunistic behavior toward perturbation [66,67], while S. armiger
and P. steenstrupi are ranked ‘tolerant to disturbance’ and ‘second-order opportunistic’, respectively,
in the organic matter enrichment classification of Borja et al. [21].

Table 4. Mean values (and standard error) of habitat parameters calculated with stations belonging
in the groups defined by the hierarchical agglomerative clustering for the 0.5 mm and the 1 mm size
classes. Only Baie des Sept fles stations (when available in the cluster) were considered for the
calculation of heavy metal concentration averages. n = number of stations considered for the

calculation.
0.5 mm Size Class 1 mm Size Class
Variable Unit Cluster A Cluster B Cluster C  Cluster D Cluster E  Cluster F
All four sectors (n=16) (n=61) (n=289) (n=283) (n=27) (n=289)
Deptih m 6.99(0.35) 13.72(1.64) 32.76(2.02) 21.5(1.88) 16.1(2.53) ii'gi)
Organic matter % 258(042)  0.52(0.04) 176 (0.1) 0.72(0.08) 0.35(0.03)  1.77 (0.1)
Gravel % 0(0) 5.9 (1.8) 1.7 (1) 68(1.6)  22(0.1) 1.7 (1)
Sand % 0(0) 533(53)  463(23) 63.8(37) 924(18) 47 (25)
Silt % 0.1 (0) 11.3 (2.4) 49.1 (2.2) 25 (3) 47(12) 484(25)
Clay % 99.9 (0) 29.5 (5.6) 3(1.6) 44(12) 06(001)  29(L5)
Baie des Sept Iles (n=16) (n=47) (n =88) (n=42) (=3 (n=89)
only
Arsenic mgkg! 374(0.32)  251(0.19)  3.89(0.24) 3.56(0.55) 1.83(0.52) 3.96 (0.25)
Cadmium mgkg! 0.15(0.01)  0.11(0.01)  0.14(0.01) 0.13(0.01) 0.1(0.01) 0.14(0.01)
32.73 58.19
/ . 1
Chromium mgkg!  8029(534) 545(3.68) 58.07(L71) 51.77 (3.5) 527) (166)
Copper mgkg!  19.89 (1.33)  6.86(0.73) 1233 (0.51) 9.3(L05) 6.37(1.39) 12.26 (0.5)
33.56 54.96
. 1
Tron gkg 6473(373)  57.56(442) 5527 (L68) 492247) /o) 169)
Manganese gkg 217032 093(0.06)  118(006) 086(006) 057(009) 6;';;
Mercury mgkg! 0.04(0.02)  0.01(0.01)  0.02(0.01) 0.02(0.01) 0.01(0.01) 0.03(0.01)
Lead mg-kg! 732(058)  326(027)  546(0.2) 4.65(04) 2.63(037) 5.59(02)
54.28 39.77 61.61
i . ~1
Zinc mgkg 7721(422) 4354225 6109077 o 341) L68)

Cluster B regrouped some stations in Baie des Sept Iles (close to the coast and in the archipelago)
and nearly all of those at Manitou River (Figure 4a). Taxa assemblage was characterized by a
combination of arthropods (32.7% of the sampled individuals), annelids (22.3%), and mollusks
(20.9%), with a presence of nematodes (14.6%) and echinoderms (8%). Of the total contribution to
community similarity, 67% was explained by Echinarachnius parma, Nematoda, Phoxocephalus holbolli,
Harpacticoida, and Spisula solidissima, with 12 significant taxa for this cluster according to IndVal
scores. Mean station depth was 14 m, with low organic matter, a high content of sand and clay;
stations of this cluster located in Baie des Sept iles had low concentrations of heavy metal in the
sediment (Table 4). This cluster regroups taxa that are sensitive to perturbation, such as P. holbolli and
S. solidissima, both of which have been classified as being ‘very sensitive to disturbance” [21].
Furthermore, Nelson et al. [68] described physiological impacts of heavy metal loading for S.
solidissima, especially for increased copper concentrations.

For cluster C, stations were widely distributed in Baie des Sept Iles (except for one station at
Manitou River; Figure 4a). Arthropods (42.3%) and annelids (37.8%) were the main phyla of this
cluster, with a further large proportion (14.2%) represented by mollusks. Fifteen taxa were selected
by the IndVal scores, with characteristic taxa being M. neotena, Macoma calcarea, Eudorellopsis integra,
Protomedeia grandimana, and Leucon (Leucon) nasicoides (64% of the total similarity). Station depth was
high, 33 m deep on average, and the sediment had a sandy-silty profile with moderate concentrations
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of organic matter and heavy metal compared to the other clusters (Table 4). Here, taxa do not present
a particular relationship to perturbation, with many representative taxa being ‘indifferent to
disturbance’, including M. calcarea, P. grandimana, and L. (Leucon) nasicoides, with the exception of M.
neotena as described above [21].

The comparison of characteristic taxa in clusters shows cluster A to be quite different from the
other clusters. This difference is visible on the two dbRDAs, where there is an evident discrimination
of cluster A’s assemblages relative to those of clusters B and C, mainly explained by depth and clay
for Model 1 and chromium/iron/manganese concentrations for Model 2 (Figure 5a,b). Bray—Curtis
dissimilarities indicate a higher similarity within this cluster, which may be explained by
uniformization due to some perturbation [69,70]. Furthermore, cluster A’s stations are close to human
activities, a possible source for higher contents of organic matter, heavy metal, and clay contents
relative to other stations in Baie des Sept fles. As suggested by Pearson and Rosenberg [3], those
specific sites may present an ecosystem disturbance due to an increased organic matter. Local
hydrodynamics are likely one of the main factors influencing sediment composition [33]. We may
also postulate that dredging activities, where a dumping site is operated close to cluster A’s stations,
may impact on the composition of benthic sediments by favoring the accumulation of fine particles
[71]. Contaminants in sediments, such as heavy metals, are known to impact marine species at the
individual level, for example by affecting their metabolism and their reproductive success, which
extends their impacts to the distribution of community traits [72-74]. The link between higher
contaminant concentrations and human perturbation is well established (e.g., [75,76]). However, the
presence of post-glacial clay can temper perceived effects of heavy metal inputs from anthropogenic
sources on benthic communities [56], even though specific sites close to harbor installations seem to
present overall higher concentrations than those in the rest of Baie des Sept Tles.
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Figure 5. Constrained ordination with a distance-based redundancy analysis for taxa assemblages
obtained for the 0.5 mm and 1 mm size classes. Only predictors selected by the distance-based linear
modelling (DistLM) are displayed. Point color represents similarity groups defined by the hierarchical



Water 2020, 12, 2424 14 of 19

agglomerative clustering. (a) Ordination for the 0.5 mm size class with organic matter and grain-size
classes as predictors (Model 1); (b) Ordination for the 0.5 mm size class with heavy metal
concentrations as predictors (Model 2); (c) Ordination for the 1 mm size class with organic matter and
grain-size classes as predictors (Model 1); (d) Ordination for the 1 mm size class with heavy metal
concentrations as predictors (Model 2). OM = organic matter, As = arsenic, Cd = cadmium, Cr =
chromium, Cu = copper, Fe = iron, Mn = manganese, Hg = mercury, Pb = lead, Zn = zinc.

These results strongly suggest that cluster A regroups stations with a higher perturbation status
than those of cluster B, while cluster C possesses an intermediate profile, with a possible relationship
with organic matter content and heavy metal concentrations. Consequently, this size class allowed to
detect a certain perturbation signal on benthic communities, located in specific areas.

mm Size Class

Three groups of stations were also identified by hierarchical agglomerative clustering for the 1
mm size class (Figure 4b). Mean Bray-Curtis dissimilarity was highest for cluster D (0.93),
intermediate for cluster F (0.81), and lowest for cluster E (0.78; Table 3). No particular relationship
could be identified based on mean taxonomic distinctness, even though the average for cluster E’s
(71.1%) was slightly less than those for clusters D and F (77.6% and 79.7%, respectively; Figure 3b).

Cluster D regrouped stations from all four sampled sectors, in particular most of the stations on
the coast of Port-Cartier and the Pentecéte and Manitou rivers were included here (71%, 67%, and
58% of the stations, respectively; Figure 4b). Arthropods (39.4% of the sampled individuals), mollusks
(20.2%), annelids (18.2%), and echinoderms (17%) were the phyla dominating the community.
Characteristic taxa were Cistenides granulata, E. parma, P. holbolli, Nephtys caeca, and Strongylocentrotus
sp. (62% of the total similarity), and 13 taxa had significant IndVal scores. Stations were quite shallow
(21.5 m deep) on average, with a low organic matter content and a sediment composed of sand with
some silt (Table 4). Interestingly, while many taxa are classified as ‘indifferent to disturbance’, this is
not the case for P. holbolli and Strongylocentrotus sp. which are ‘very sensitive’, indicating mixed
responses of taxa in this cluster’s taxa [21].

Concerning cluster E, nearly all stations were located outside of Baie des Sept fles (Figure 4b).
Its assemblage was dominated by echinoderms (48%) and mollusks (40.6%), with E. parma and
Mesodesma arctatum accounting for 93% of the total similarity and were two of the three taxa selected
by the IndVal calculation. Compared to the other clusters, stations were shallower (mean depth of
16.1 m), had less organic matter, and the sediment was mostly sandy (Table 4). Three stations in Baie
des Sept Tles had low heavy metal concentrations, but these values are not informative compared to
the other clusters because of the very low number of stations available to calculate averages. E. parma
and M. arctatum are not referenced in the classification of Borja et al., but many echinoids and some
species of the genus Mesodesma are known to be ‘very sensitive to disturbance’” [21], which is an
evidence this cluster may be an evidence of a low perturbation profile.

Finally, cluster F regrouped only stations in Baie des Sept iles (Figure 4b). Of the sampled
individuals, 41.2% were arthropods, 35.5% annelids, 21.4% mollusks, and 26 taxa were selected by
their IndVal scores. Characteristic taxa were M. calcarea, E. integra, Ennucula tenuis, M. neotena, and
Protomedeia grandimana (66% of the total similarity). Stations were at 32.5 m deep on average, with an
equal proportion of sand and silt, a high organic matter content, and high overall heavy metal
concentrations (Table 4). This cluster is very similar to cluster C for the 0.5 mm size class, both in
terms of habitat parameters values and characteristic taxa.

Stations of clusters D and F presented a wider dispersion on the dbRDAs than those of cluster
E, where the latter were grouped and influenced by a high sand content and low organic matter/silt
for Model 1, and heavy metal concentrations for Model 2 (Figure 5c,d). Depth, organic matter/silt,
sand, clay (Model 1), and all heavy metals except arsenic and mercury (Model 2) were selected to
explain the structure of the 1 mm size class assemblages, even though R? values were quite low (0.14
and 0.07; Figure 5c,d). Clusters D and E do not seem to be particularly perturbed, having a profile
quite characteristic of other coastal ecosystems in the Gulf of St. Lawrence and presenting taxa that
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are sensitive to disturbance. On the other hand, cluster F seems to exhibit a somewhat different
profile, where there is a higher sediment organic matter content. Apart from a possible human
perturbation, another possible driver to explain the structure of the benthic communities is the
sedimentary profile. Sediments in clusters D and E’s stations are mainly sandy whereas those for
cluster F are mostly sandy silty. The dominance of sand-dwelling species such as M. arctatum and E.
parma in clusters D and E supports this hypothesis [77].

These results show that clusters obtained for the 1 mm size class seem to be more variable than
those observed for the 0.5 mm size class, as shown by higher Bray—Curtis dissimilarity values for the
former. By sampling only individuals larger than 1 mm only, the assessment of benthic ecosystems
seems to be insufficient to differentiate ecosystem perturbation from natural variability [24,25,78].
This is of even greater importance when considering that the 0.5 mm size class can detect some
ecosystem perturbation, as shown above. Further field campaigns, including factorial sampling with
possibly impacted and reference areas, along with local experimental and manipulative work, would
provide more robust conclusions on the 1 mm size class and link taxa responses to environmental
perturbation.

4. Conclusions

Our work provides the first description of benthic habitats and communities in the sub-Arctic
ecosystems of Sept-ﬂes, which is an important contribution to local and regional biodiversity surveys
and a necessary step towards establishing baseline conditions for environmental assessments.
Regression models between community characteristics (e.g., taxa richness or diversity), taxon
densities, and habitat parameters (e.g., organic matter, heavy metals) highlight how abiotic
parameters may impact benthic communities and provide predictive methods to assess the evolution
of these communities in future environmental conditions. Finally, we detected taxa assemblages with
similar distributions in the environment, which we related to the values of habitat parameters to
highlight perturbation patterns.

By studying multiple size classes of macrofauna, we were able to compare how they will
influence the description of benthic communities. When including smaller organisms (0.5 mm size
class), conclusions were more robust and we were able to document local perturbation responses.
The evaluation of only larger organisms (1 mm size class) was able to decrease the time needed to
sample and identify taxa, but at the cost of reducing the strength of similarity analyses and of
detecting relationships to habitat parameters variation and perturbation.

Our results provide valuable guidelines for the environmental monitoring of benthic ecosystems
in industrial harbor areas, along with ecological data to better understand how sub-Arctic ecosystems
react to environmental perturbation.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/12/9/2424/s1. Figure
S1: Values of habitat parameters at each station. (a) Map for station depth; (b) Map for organic matter content;
(c) Map for gravel content; (d) Map for sand content; (e) Map for silt content; (f) Map for clay content, Figure S2:
Values of heavy metal concentrations at each station. (a) Map for arsenic concentration; (b) Map for cadmium
concentration; (¢) Map for chromium concentration; (d) Map for copper concentration; (e) Map for iron
concentration; (f) Map for manganese concentration; (g) Map for mercury concentration; (h) Map for lead
concentration; (j) Map for zinc concentration, Figure S3: Values of community characteristics at each station. (a)
Map for taxa richness for the 0.5 mm size class; (b) Map for taxa richness for the 1 mm size class; (c) Map for
total density for the 0.5 mm size class; (d) Map for total density for the 1 mm size class; (e) Map for Shannon
diversity for the 0.5 mm size class; (f) Map for Shannon diversity for the 1 mm size class; (g) Map for Pielou
evenness for the 0.5 mm size class; (h) Map for Pielou evenness for the 1 mm size class; (i) Map for taxonomical
distinctness for the 0.5 mm size class; (j) Map for taxonomical distinctness for the 1 mm size class, Table S1: List
of the taxa along with the number of stations where this taxon was present and the number of collected
individuals, for the 0.5 mm and the 1 mm size classes.
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