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Twentieth-century historic industrial activity in Cornwall, ON loaded high amounts of metals and
metalloids to the St. Lawrence River. Despite industrial improvements and the eventual closure of
point-source polluters, sedimentary contamination in the Cornwall waterfront remains above provincial
guidelines, causing concern for ecosystem management. We analysed chironomid (Order: Diptera)
subfossils from modern-day surface-sediment samples and a sediment core from the Cornwall waterfront
in order to better understand historic pollution impacts and potential recovery. Modern-day chironomid
assemblages were diverse (48 genera, >70 species) and overall assemblage structure was weakly related
to sedimentary zinc concentrations, with Procladius, Paratanytarsus, and Ablabesmyia identified as
zinctolerant and Rheotanytarsus, Polypedilum and Paratendipes identified as zinc-sensitive. The sediment
core showed peak total mercury (THg) concentrations were an order of magnitude higher than in
modern-day surface sediments. In sections of the core below 10 cm in depth, THg concentrations were
high (~30-50 pg/g) and chironomids were nearly absent from the record. Above 10 cm (c. 1980) THg
concentrations decreased and chironomid taxa returned in low abundances. Subsequent intervals
displayed an increase in diversity, abundance, and the relative abundance of metal-sensitive taxa. This
study provides evidence of ecological change which co-occurs with Cornwall’s historic industrial activity
and indicates progress toward related ecological goals identified in the current management strategy.

© 2021 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.

Introduction

et al., 2009); for example, the Courtaulds outflow was located in
a “backwater” with little flow (Dreier, 2000). Emissions decreased

Over the course of the 20th century, industrial activity in
Cornwall, Ontario (ON) loaded high amounts of heavy metals and
metalloids to the St. Lawrence River (SLR). Point-source polluters
included a pulp and paper mill (Domtar, c. 1883), a chlor-alkali
plant (ICI, c. 1935), and a rayon manufacturer (Courtaulds, c.
1924). These companies discharged high amounts of metal(loids),
most notably inorganic mercury (THg), lead (Pb), zinc (Zn), and
copper (Cu) into the river, and subsequently into the sediments
(Dreier, 2000). Emissions were highest prior to 1970, with over
410 g/day Hg released in water effluent (Delongchamp et al.,
2009), however total loading rates, and rates of other industrial
metals, are unknown. As the outflows were located in embayments
along the waterfront, much of the effluent settled into the sedi-
ment instead of being dispersed downstream (Delongchamp
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post-1970 with industrial and municipal wastewater improve-
ments and government regulations (Dreier, 2000), and with the
closure of major point-source polluters in 1992 (Courtaulds),
1995 (ICI), and 2006 (Domtar; Delongchamp et al., 2009). Despite
these actions, legacy contamination and associated methylmercury
(MeHg) persist in the waterfront sediments at many sites in con-
centrations that exceed provincial effect levels and are significantly
enriched compared to upstream reference sites (Moir et al., 2021;
Windle and Ridal, 2019). Recent evidence of elevated Hg concen-
trations in fish suggests the waterfront still receives modern-day
inputs (Choy et al., 2008; Fowlie et al., 2008; Lapointe and Ridal,
2019). As aquatic ecosystems are particularly vulnerable to pollu-
tion, and contaminants such as the neurotoxic MeHg can biomag-
nify up the food chain, this represents a substantial threat to both
aquatic biota and human health, and so requires appropriate
ecosystem management.
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A comprehensive understanding of the toxic impacts on a
system is crucial for its effective management and remediation
(Korosi et al., 2017). Two key components in the creation of man-
agement plans include evaluations of the long-term history (as
biomonitoring data are often absent from pre- and even within-
disturbance periods), and pollution impacts in the context of
environmental realism (i.e., in situ assessments) to supplement
traditional lab-based ecotoxicological tests. Long-term knowledge
can characterize the baseline conditions and natural variability of
a system (Smol, 1992) and assess the success, or failure, of remedi-
ation efforts on biological recovery. Field-based assessments are
important in characterizing biological response to pollution as tra-
ditional lab-based tests can often overestimate the tolerance of
organisms to contaminants (Wang, 1987) and do not consider
the cumulative impacts of multiple stressors and possible interac-
tions between stressors (Korosi et al., 2017; Wang, 1987). While
field studies are commonly utilized, they often consider effects at
a coarse taxonomic resolution (e.g. order- or family-level). As many
organisms are considered pollution-tolerant as a group but can
have varying tolerances at genus- or species-level (Wright and
Burgin, 2009), coarser taxonomic assessments can overlook impor-
tant ecological and environmental information (Greffard et al.,
2011). Information from studies with finer taxonomic resolution
on how specific industrial contaminants can structure biological
communities is an important first step in developing paleoecolog-
ical tools for bioassessments.

Focused biomonitoring and sediment toxicity tests to document
contamination effects only began in the late-1990s (deBarros and
Anderson, 2010), while earlier studies clearly identified elevated
concentrations of Hg and other contaminants in the Cornwall
waterfront and downstream regions (MOE, 1979; Sloterdijk,
1991), with limited assessments of benthic invertebrates (e.g.,
Griffiths, 1988; Owen and Veal, 1968). Considering that Hg accu-
mulation rates prior to 1970 were 60 times higher than those
occurring after 1995 (Delongchamp et al., 2009), the lack of biolog-
ical assessment data during this period presents a significant gap in
our knowledge, especially in relation to biological recovery and
natural variability. For this region, little is known on how biological
assemblages responded to such intense industrial loadings, or of
their pre-impact composition(s) and the natural variation therein.
Biological assessments to this point have examined lines of evi-
dence used in the sediment quality triad assessment (Chapman,
1990), performing the laboratory toxicity tests (Bedard, 1999;
Reynoldson, 1998) and benthic community investigations (Milani
and Grapentine, 2009, 2015; Reynoldson, 1998) which supplement
sediment chemistry tests for the purpose of identifying pollution-
induced degradation (Chapman, 1990). Although individual taxa
collected for these assessments are identified to the lowest possi-
ble level (Milani and Grapentine, 2009, 2015), few studies have
focused specifically on the response of assemblages at a genus or
species-level to see how they respond to contaminant and environ-
mental gradients within the waterfront.

Providing long-term knowledge and biological assessments at a
finer taxonomic resolution will assist in understanding biological
recovery and contribute to assessing the efficacy of past manage-
ment strategies. The remediation strategy currently being
employed, the Cornwall Sediment Strategy (CSS), consists of natu-
ral remediation, where contaminated sediments are left undis-
turbed with the hope that newly deposited sediments will form a
natural cap, burying legacy contaminants (deBarros and
Anderson, 2010). However, the long-term biological response to
pollution is unknown, thereby limiting assessment of whether nat-
ural remediation allows recovery. Assessing modern-day biological
change at a higher taxonomic resolution, both spatially and tempo-
rally, will elucidate nuanced assemblage responses to pollution
and allow a more detailed assessment of whether natural
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remediation supports the recovery of benthic assemblages. As
the CSS mandates long-term future biomonitoring (deBarros and
Anderson, 2010), the paleolimnological approach will extend the
temporal perspective and provide important context to future
monitoring efforts.

The paleo-ecotoxicological framework, which uses paleolimno-
logical methods to understand ecosystem responses to environ-
mental pollutants, can be used to address these important
knowledge gaps (Korosi et al.,, 2017). Paleolimnology uses the
natural archive of physical, chemical, and biological indicators pre-
served within lake and river sediments to reconstruct past environ-
mental conditions (Smol, 1992). In the paleo-ecotoxicological
approach, the sedimentary profile of contaminant deposition is
compared to the timing, magnitude, and nature of change in bio-
logical proxies of interest (Thienpoint et al., 2016), thus creating
a “dose-response” record (Korosi et al., 2017). This method can
provide data for periods where monitoring is absent, generally
pre- and within-disturbance periods, thereby providing a record
of chronic biological response to contaminant input, and in doing
so reveal sublethal and community-level responses that are often
not captured in laboratory tests (Korosi et al. 2017). Applied spa-
tially, it can allow the effects of environmental stressors to be dis-
entangled and the impact of toxic agents on biological assemblages
to be assessed in the context of environmental heterogeneity.

We employed a paleo-ecotoxicological approach in and around
the Cornwall waterfront using chironomids (non-biting midges) as
bioindicators. Chironomids are ubiquitous and abundant insects in
freshwaters whose larval stages live in the sediment. Their chiti-
nous head capsules preserve in the sediment and so can be col-
lected, identified, and enumerated. The environmental optima
and tolerances of taxa to a number of environmental variables
are well-known from many regions, so the presence and abun-
dance of taxa can be used to make inferences about past environ-
mental conditions (Walker, 2001). Chironomids have been widely
used to assess ecosystem integrity and water quality as they can
persist in degraded systems, thus making them suitable proxies
for paleo-ecotoxicological studies (Korosi et al., 2017). Chirono-
mids are also important lower-trophic-level organisms, and thus
impacts on their assemblages and production may have implica-
tions for other components of the aquatic food web (Armitage,
1995).

As the larval stages of chironomids occur in the sediments and
they feed on detritus or benthic algae, they are especially vulnera-
ble to sedimentary contamination (Walker, 2001). As such, they
have previously been used to assess effects of metal contamination
and have been shown to display shifts in response to increasing
contaminant pressure (e.g., Doig et al., 2015; Ilyashuk et al,
2003; Mousavi et al., 2003; Stewart et al., 2018; Thienpoint et al.,
2016; Warwick, 1992). Diversity indices are shown to decline with
an increase in metals (Ilyashuk et al., 2003), and some taxa display
decreased abundances in metal-rich environments, while others
can increase (Thienpoint et al., 2016; Wright and Burgin, 2009).
However, as many studies on metal pollution occur in nutrient-
enriched environments (e.g. Brooks et al., 2005; Cao et al., 2016;
Hynynen et al., 2004; Stewart et al., 2018), it is often difficult to
separate independent nutrient and metal impacts, let alone the
nutrient-metal interactions. As the Cornwall waterfront area is part
of a fluvial system where issues of oxygen depletion from
enhanced primary production is less of a concern than in thermally
stratified lakes, this may allow for a more independent assessment
of metal impacts on chironomid assemblages.

The objective of the study is to describe the temporal and spa-
tial impact of pollution on chironomid subfossil assemblages in the
Cornwall waterfront. Specifically, we asked (1) Is there a strong
relationship between modern-day concentrations in metal(loids)
and modern-day structure of chironomid assemblages? (2) What
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was the assemblage response to historic industrial pollution? (3)
Do chironomid assemblages display evidence of recovery; and, if
so, how does their recovery vary with declines in metal(loid)
concentrations?

This research will allow us to better understand biological
responses to recovery from industrial metal contamination in river
systems which is crucial for our ability to effectively manage these
environments. Our results will help inform the CSS and our long-
term data will provide valuable context for future biomonitoring.
This study will help elucidate the long-term effects of metal(loids)
on chironomid assemblages in river systems in eastern North
America, thus improving our ability to use chironomids as bioindi-
cators of pollution impacts in paleolimnological interpretations.

Methods
Site description and sample collection

Cornwall, Ontario is set on the SLR across from Massena, New
York and the Mohawk territories of Akwesasne (Fig. 1a, b). The
Cornwall waterfront (Fig. 1d) is composed of three main deposi-
tional zones. Zone 1 is downstream of the Cornwall canal, and
approximately 1.4 km downstream of the former Domtar and ICI
discharges (Dreier, 2000). Unlike the other zones, Zone 1 is thought
to still receive Hg inputs as Hg concentrations in fish are still ele-
vated in the area (Choy et al., 2008; Fowlie et al., 2008; Lapointe
and Ridal, 2019). It is suspected that Hg is discharged to Zone 1
from legacy land-based deposits via stormwater, the upstream
Cornwall canal and associated sewer overflows during storm
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events, or resuspended from the sediments by disturbances from
recreational boating and other waterfront use activities (Ridal
et al., 2010). Zone 2, which is divided into eastern and western
sides, is adjacent to the former Courtaulds Plant that released sig-
nificant quantities of Zn, Cu, and Pb (Dreier, 2000). Zone 3 is adja-
cent to the Port of Cornwall and a chemical tank storage area and is
historically the least contaminated by metals of the three zones
(Dreier, 2000). Reference sites were just offshore of small islands
upstream of the waterfront, close to Long Sault (Fig. 1a, c). The off-
shore of these islands was chosen to ensure sites would be as sim-
ilar in depth as possible to waterfront sites. Water chemistry was
similar between both reference and contaminated sites (Windle,
2019).

Surface-sediment samples were collected by the St. Lawrence
River Institute (SLRI) in 2018 using a mini-Glew gravity corer
(Glew, 1991). Four replicates of the top 2 cm were sampled per site
and then combined. Depth was averaged between replicates. We
subsampled 25 of the collected samples for chironomid analyses
(Fig. 1c, d). These samples were selected based on sediment avail-
ability, physical variables, and Hg concentrations, in order to
ensure a gradient of contaminated to less contaminated sites col-
lected at similar depths. Five samples were taken from each zone
(Reference Zone, Zone 1, Zone 2E, Zone 2 W, and Zone 3) to ensure
representation of all depositional areas and contamination levels in
the analysis (Table 1). The sediment core was collected from Zone 1
in 2016 by the SLRI. It was collected from 2 m depth, 37 m off-
shore, using a push corer. The core was 46 cm in length and sec-
tioned into 2 cm intervals.
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Fig. 1. The St. Lawrence River at Cornwall, Ontario. (A) Regional overview showing the location of the upstream reference area used in this study, and the Cornwall
waterfront. (B) Location of Cornwall in the context of eastern North America. (C) Upstream reference sample sites. (D) Cornwall waterfront showing sample sites, depositional

zones, and location of former point-source polluters. Base map: ESRI (2020).
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Table 1

Measured physical variables and industrial metal and S concentrations for 25 surface-sediment samples.
Site Depth (m) Mean Grain Size (um) TOC (mg/g) THg (ng/g) MeHg (ng/g) Cu (ng/g) Pb (ng/g) S (ng/g) Zn (ng/g)
R-1 1.40 1719 25 0.03 0.52 9.9 10 900 45
R-2 1.60 194.2 9 0.03 0.12 11 5 1000 26
R-3 1.83 145.9 25 0.03 0.25 9.6 6.8 2100 36
R-4 2.30 112.2 40 0.05 0.13 13 10.8 2850 150
R-5 247 1113 18 0.06 0.52 10.5 9.45 1300 53
Z1-1 1.60 68 80 1.79 2.47 31 19 5700 69
Z1-2 2.00 66.9 120 4.19 6.64 325 17 6850 81
Z1-3 1.60 80.9 110 335 5.23 35 17 6400 85
Z1-4 1.87 80.4 160 3.48 7.69 37 25 8200 86
Z1-5 3.70 68.7 170 2.81 6.50 44 34 9400 130
Z2E-1 2.80 121.5 63 0.55 2.67 35 40 3500 160
Z2E-2 3.78 53.9 62 0.66 3.89 33 32 4300 190
Z2E-3 3.10 64.8 64 0.55 3.51 34 26 3800 140
Z2E-4 233 153.5 26 0.19 0.62 12 17 2100 76
Z2E-5 3.20 108.5 5.2 0.42 0.64 5.2 26 3700 130
Z2W-1 3.33 441 78 8.03 1.29 81 180 7600 1300
Z2W-2 3.10 66.1 58 2.06 0.55 63 77 8200 1000
Z2W-3 4.28 70.6 51 4.64 1.15 56.5 245 4900 445
Z2W-4 3.78 342 69 2.74 6.92 75 230 4100 500
Z2W-5 235 96 69 2.56 3.15 79.5 85.5 4350 590
Z3-1 3.60 72.9 72 0.29 1.02 35 27 4600 120
Z3-2 2.50 103.7 79.5 0.58 1.97 44 38 5000 110
Z3-3 2.10 53 6.7 0.03 0.19 28 11 560 80
73-4 243 100.5 45 0.24 3.39 21 13 2800 64
Z3-5 2.10 109.6 59 1.79 333 225 39 2850 76

Laboratory procedures

The sediment core chronology was established by 2!°Pb dating
using standard gamma spectroscopy methods by the Laboratory
for the Analysis of Natural and Synthetic Environmental Toxins
(LANSET) at the University of Ottawa using a Constant Rate of Sup-
ply (CRS) model (Appleby and Oldfield, 1978). Gamma spec-
troscopy was also used to identify '*’Cs for an independent
marker of the year 1963 (Appleby, 2002). Hg was measured using
direct thermal decomposition at the University of Ottawa. Stan-
dard loss-on-ignition (LOI) procedures (Dean, 1974) were used to
estimate the organic (LOIs509) and carbonate (LOlgsg) contents of
sediment intervals. Grain size was measured using a Microtrac
S3500 laser diffraction particle analyser at the University of
Ottawa. Metal and metalloid concentrations for surface-sediment
samples were measured at the Analytical Services Unit at Queen’s
University using inductively coupled plasma-optical emission
spectrometry (ICP-OES). Our sediment core analysis used all inter-
vals where sediment remained following Hg and other analyses.

Sediment intervals were prepared for chironomid analyses fol-
lowing guidelines established by Walker (2001). From each inter-
val, ~2 g of sediment was deflocculated in a 5% KOH solution and
then washed with distilled water on a 95-pum sieve. The material
retained on the sieve was then rinsed back into a beaker, becoming
the concentrated sample. The sample was placed in a Bogorov
counting tray and chironomid remains were located and picked
at a 25 to 50x magnification. These remains were transferred to
microscope cover slips and secured to slides with Entellan®. All
remains in a prepared sample were counted; additional sediment
was prepared if head capsule counts were low to ensure a mini-
mum of 50 individuals per interval (Quinlan and Smol, 2001).
Whole head capsules, or fragments with over half of the mentum,
were counted as one individual. Fragments of head capsules con-
taining half the mentum were counted as half an individual. Iden-
tification followed taxonomic guides for Holarctic and North
American Chironomidae (Brooks et al., 2007; Cranston, 2010;
Larocque-Tobler, 2014). Some taxa could be identified to species-
level, while others were identified to genus, and others were
grouped into types. Cricotopus and Orthocladius subfossils were
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grouped due to the difficulty of identifying larval head capsules
to a species-level. Corynoneura and Thienemanniella were grouped
due to the difficulty of differentiating larval head capsules when
the mentum was degraded. In surface-sediment samples, Phaenop-
sectra and Sergentia were grouped due to difficulty of identification
in fragmented or degraded samples (e.g., samples lacking mand-
ibles or with degraded ventromental plates).

Data analysis

Surface-sediment samples

Metal concentrations were standardized to grain size (as rec-
ommended for statistical analyses in Reid and Spencer, 2009) fol-
lowing procedures outlined in Horowitz (1985). The contaminant
concentration was multiplied by a dilution factor of 100/(percent-
age of sample < 63 pum) to give a standardized concentration.
Metals and all other environmental variables were then log-
transformed to achieve normality. A principal components analysis
(PCA) of the metals was used to understand the variations of met-
als in relation to the a priori defined contamination and reference
areas in the SLR. PCA axis 1 (PC1) identified non-industrial metal
(loids) and PCA axis 2 (PC2) identified industrial metal(loids). A
Pearson correlation matrix was used to evaluate the relationship
between PC2-identified industrial metals.

Due to the high diversity of samples, taxa were grouped by gen-
era to account for instances when an individual was not able to be
identified to species level. Relative abundances of taxa were calcu-
lated by dividing the number of individuals of that taxon over the
sum of individuals counted in the interval then multiplying by 100.
Hill’s N2 diversity and species richness were calculated for each
sample. Species richness was rarefied to number of identified indi-
viduals in the sample with the lowest count (n = 54). Taxon counts
were Hellinger-transformed (i.e. expressed as relative abundance
and then square-root transformed; Legendre and Gallagher, 2001).

A permutation-based forward-selected (p;, = 0.05) redundancy
analysis (RDA) was used to determine which measured environ-
mental variables could account for significant amounts of variation
in the chironomid assemblages. The RDA’s explanatory matrix
included Zn, Pb, Cu, THg, MeHg, S, PC1 (non-industrial metal
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Fig. 2. Relative abundance of all chironomid genera found at over 3% relative abundance in two or more intervals in surface-sediment samples from the Cornwall waterfront
and upstream reference sites. The dotted lines distinguish between zones. Abbreviations: R = Reference; Z1 = Zone 1; Z2E = Zone 2 East; Z2W = Zone 2 West; Z3 = Zone 3.

(loids)), depth, total organic carbon (TOC), and mean grain size.
Taxa with over 3% relative abundance in 2 or more intervals were
included in the response matrix. A second RDA was conducted
where PC2 was used to represent all industrial metal(loids). Pear-
son correlation coefficients were used to compare PC2 and metals
highlighted as significant by the RDA to rarefied richness, Hill's N2,
and relative abundance of chironomid taxa. A p-value of 0.1 was
chosen to identify notable relationships due to the exploratory nat-
ure of the analysis and to account for the small number of samples
(n=25), though a p-value of 0.05 was used to denote statistical sig-
nificance. Statistical analyses used the R base package (R Core
Team, 2020) as well as dplyr (Wickham et al., 2018), vegan
(Oksanen et al., 2019), and rioja (Juggins, 2017).
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Fig. 3. Principal components analysis of sedimentary metals and S, which are
standardized to grain size fraction < 63 um, log-transformed, and centered.
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Sediment core

Relative abundance of taxa was calculated by dividing the num-
ber of individuals of that taxon over the sum of individuals counted
in the interval and multiplying by 100. Abundance of individuals
was calculated as the number of head capsules per gram of dry
sediment. Hill's N2 diversity was calculated for each interval in R
(R Core Team, 2020) using the package rioja (Juggins, 2017).

Results
Surface-sediment samples

Surface-sediment samples were taxonomically diverse, with 48
genera and >70 species of chironomids identified. Nineteen taxa
were present above 3% relative abundance in 2 or more intervals
and accounted for between 70.5 and 90.8% (median = 82%) of the
overall chironomid assemblage (Fig. 2). The most abundant taxa
were Dicrotendipes (exclusively identified as Dicrotendipes
nervosus-type), Chironomus (mostly Chironomus anthracinus-type),
Paratanytarsus, Cricotopus/Orthocladius-type, and Ablabesmyia. No
single taxon exceeded 30% relative abundance in any sample. Rare-
fied richness varied from 15 to 21.8 genera/site (median = 19.4)
and Hill's N2 ranged from 6.0 to 14.5 (median = 9.3) effective
number of genera.

PCA of the metals in the surface sediments separated them into
two distinct groups (Fig. 3). PC2 represented industrial-related
metal(loid)s (Zn, MeHg, Pb, Cu, THg), as well as S, and explained
~18% of variation. PC1 represented all other metals and explained
~62% of the variation. Within PC2, Pb, Cu, S, and Zn correlated more
closely with each other than with MeHg or THg, which were highly
correlated (Table 2). The forward-selected RDA of the chironomid
assemblage data identified Zn (p 0.007**) and depth
(p = 0.033%) as variables explaining significant amounts of varia-
tion. The first two components explained 17% of the variation
and the model was highly significant (Ppe;m = 0.003**). Zn has a
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Table 2
Pearson correlation matrix of industrial pollution-associated variables as identified by PC2. All variables are standardized to grain size fraction < 63 pm and log-transformed.
Variable MeHg Zn S Pb Cu THg
MeHg 1
Zn —0.09 1
S 0.50 0.34 1
Pb 0.22 0.83 0.38 1
Cu 0.34 0.71 0.56 0.77 1
THg 0.68 0.43 0.64 0.62 0.64 1

correlation coefficient of 0.83 with Pb and 0.70 with Cu, indicating
that it may be representing grouped industrial effects. When PC2
score was used instead of the individual industrial metal(loids), it
did not explain a significant amount of variation. For Pearson cor-
relation coefficients, neither PC2 nor zinc were associated with sig-
nificant variation in diversity or richness (Fig. 4). However, six taxa
displayed notable relationships with Zn (p < 0.1; Fig. 5), four of
which were significant (p < 0.05), and met linear model assump-
tions. Ablabesmyia (p = 0.032%), Paratanytarsus (p = 0.030%), and
Procladius (p = 0.068) correlated positively with Zn and Polypedilum
(p = 0.029*%), Paratendipes (p = 0.024%), and Rheotanytarsus
(p = 0.081) correlated negatively.

Sediment core

Sediment 2'°Pb activity decayed exponentially (R?> = 0.92) for
the first five intervals to a depth of 13 cm. Both the CRS model

and '¥’Cs peak identified 13 cm as the year 1963. Below 13 cm,
210pp activity became too low to distinguish, and *’Cs remained
high until 27 cm. THg concentrations at ~45 cm depth in the core
were high (33.6 pg/g) and increased to a maximum of 48.5 ug/g
at 27 cm before decreasing to 5 ug/g towards that top of the core
(Fig. 6). LOlssp did not vary much throughout the core
(min = 11.90%, max = 20.61%, median = 14.46%) while LOlg59 began
low at 46 cm (4.54%) before peaking at 39 cm (19.81%) and 17 cm
(23.03%) and then lowering again in more recent sediments
(3.65%).

Chironomids were found in exceedingly low concentrations
during the time of elevated THg concentrations, and increased in
the core starting at 9 cm depth, which corresponds approximately
to the year 1980 and a THg concentration of 26.6 ug/g. Only 2 to 5
chironomid head capsules per gram dry sediment were found in
intervals below 9 cm. The number of head capsules, a proxy of
abundance, increased to ~74 head capsules per gram dry sediment
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and log-transformed) in modern-day surface-sediment samples. (* relationship is sta

at 9 cm depth, reaching > 600 head capsules per gram dry sediment
in the top-most interval. Diversity expressed as Hill’s N2 increased
from 8 at 9 cm up to 12 in the uppermost interval. When chirono-
mids appeared, assemblages initially had a higher relative abun-
dance of C anthracinus-type and Sergentia coracina-type.

tistically significant with p < 0.05).

Cricotopus/Orthocladius-type also had a high relative abundance.
As Hg concentrations decreased towards the top of the core, the
relative abundances of C. anthracinus-type and S. coracina-type
decreased, and the abundances of Polypedilum nubifer-type and
Rheotanytarsus increased.
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Discussion
Surface-sediment samples

The metal distribution shown in the PCA (Fig. 2) is consistent
with our knowledge of contamination history in the waterfront.
Industrial contaminants co-vary, but Zn, Pb, and Cu are more
highly correlated to each other than to THg and MeHg, which are
also highly correlated. Zone 1 has elevated concentrations of Hg,
but does not have the high amounts of Zn, Pb, and Cu that are
found in Zone 2 W. The zones are representing different industrial
signals, where Zone 1 represents Domtar and ICI, and Zone 2 W
represents Courtaulds. Zone 1 is also thought to receive modern-
day Hg inputs.

Overall chironomid diversity and richness in modern-day sedi-
ments was high, and was not statistically related to metal concen-
trations. Many of the dominant taxa in our surface-sample
assemblages are known to be generalists (i.e., D. nervosus-type,
Paratanytarsus, Ablabesmyia; Cranston, 2010), metal-tolerant (Cri-
cotopus/Orthocladius-type, Psectrocladius; Stewart et al., 2018;
Thienpoint et al., 2016), or tolerant of degraded water quality (Chi-
ronomus sp.; Warwick, 1992). As these are taxa that can persist in
degraded conditions, they may not necessarily display any changes
to contamination stress. These taxa are also prevalent at non-
contaminated reference sites, indicating their success may be
unrelated to degradation. While stressed ecosystems tend to
favour generalist taxa (Warwick, 1992), they also tend to favour
simpler assemblages (Odum, 1985), which is not supported by
the high diversity observed in our samples.

Out of our measured environmental variables, Zn and depth
best accounted for assemblage variation. Six genera in surface-
sediment assemblages displayed strong relationships (p < 0.1) with
Zn concentration, and four of those displayed statistically signifi-
cant relationships (p < 0.05). Zn concentrations are most elevated
in Zone 2 W, which received effluent from Courtaulds (Dreier,
2000). A 1988 benthic assessment showed a zone of degraded ben-
thos (few chironomids, few snails, and no other insects) adjacent to
the Courtaulds diffuser (Griffiths, 1988). It appears the effect of Zn
on modern-day assemblages could be reflecting effects of legacy
contamination from Courtaulds.

There is a high correlation between Zn, Pb and Cu in our sam-
ples (Table 2) so the relationships between chironomid taxa and
Zn could reflect the combined Courtaulds signal, as the plant dis-
charged high amounts of all three metals (Dreier, 2000); however,
chironomids also have a well-documented response to Zn. Surface
water concentrations of Zn have been associated with a reduced
number of chironomid taxa in northern England streams
(Armitage and Blackburn, 1985) and altered assemblage structure
in Australian chironomids (Wright and Burgin, 2009). According
to the RDA, Zn only explained ~ 10% of the assemblage variation.
This could be a function of a low Zn gradient; in the surface-
sediment samples, Zn ranged from 26 pg/g to 1300 pg/g (Table 1),
though the majority of sites (n = 23) were < 600 pg/g. As we mea-
sured sediment Zn concentrations, we cannot directly compare the
gradients linked to impacts in the aforementioned neolimnological
studies (i.e., Armitage and Blackburn, 1985; Wright and Burgin,
2009). However, when degraded conditions were noted in Z2W
in 1988, measured sedimentary Zn conditions were approximately
3800 pg/g (Griffiths, 1988). In Ross Lake, Doig et al. (2015) found a
sharp decline in fossil chironomid head capsule abundance that
correlated temporally with an increase in Zn from ~ 1500 pg/g to
almost 14,000 pg/g in a severely impacted sediment core. This sug-
gests we might see more pronounced effects at higher sedimentary
Zn concentrations.
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The relationships we identify between taxon relative
abundances and zinc concentrations are consistent with known
chironomid tolerances. Procladius is widely known to be able to
withstand degraded conditions (Cao et al., 2016; Dermott, 1991;
Doig et al., 2015; Warwick, 1991). Rheotanytarsus has previously
been noted as metal-sensitive (Swansburg et al.,, 2002, Wright
and Burgin, 2009); many Tanytarsini are metal-sensitive but as
Rheotanytarsus is a lotic taxon it is not represented in most
chironomid-metal paleolimnological studies. Swansburg et al.
(2002) also found higher Paratendipes at reference sites than mine
drainage sites. Thienpoint et al. (2016) note a negative relationship
between Polypedilum and arsenic concentrations in Pocket Lake,
NWT. Meanwhile, Paratanytarsus increases with zinc concentra-
tions, even though as mentioned, most Tanytarsini are considered
to be metal-sensitive. Paratanytarsus is a generalist taxon
(Cranston, 2010), so the loss of more sensitive taxa in these higher
metal sites could have allowed a higher relative abundance of
Paratanytarsus, and we suspect a similar mechanism explaining
the increase in Ablabesmyia, another generalist taxon (Cranston,
2010).

Interestingly, we expected Tanytarsus to have a strong relation-
ship with an indicator of metal contamination, as they have been
shown to be metal-intolerant (Johnson et al., 1992) and decline
in many metal studies (Doig et al., 2015, Ilyashuk et al., 2003,
Stewart et al., 2018, Thienpoint et al., 2016). We did not see a sig-
nificant response between Tanytarsus and any metal concentration,
however we believe this is because our Tanytarsus abundances
were already generally low (average < 4%), unlike other studies
where Tanytarsus made up a large percentage of the pre-impact
assemblage.

Notably, there was no statistically significant relationship
between THg or MeHg and chironomid assemblages. This suggests
that legacy Hg and modern-day Hg inputs are not significantly
affecting assemblage structure, though they remain separate and
important management concerns due to the potential for Hg to
biomagnify through the food web.

There are many other factors which may structure assemblages,
especially due to the heterogenous nature of the waterfront. As
mentioned, depth also explained a significant amount of the vari-
ation, which is unsurprising as depth is an important factor in
structuring chironomid assemblages (Walker, 2001). Some taxa
(e.g., Chironomus, Procladius) are more often found in the profundal
zone while other taxa are macrophyte-associated and commonly
found in the littoral zone (Cranston, 2010; Pinder, 1986). While
subsamples were selected to try and control variation between
sites, a discrepancy in depth was unavoidable, and reference sites
were shallower (avg. depth = 1.92 m) than waterfront sites (avg.
depth = 2.77 m). Surprisingly, grain size, which reflects substrate
and physical habitat and also varied between zones, was not signif-
icant in explaining assemblage variation. The unexplained varia-
tion could be controlled by chemical variables important to
chironomids that were not measured in our study, such as dis-
solved oxygen, salinity, and temperature (Walker, 2001). Organic
contaminants, such as polycyclic aromatic hydrocarbons (PAHs)
and polychlorinated biphenyls (PCBs), which are present in the
waterfront in low amounts (Pelletier, 2010), but unmeasured by
our study, could also explain some of the variation.

Sediment core

The low 2'°Pb activities below 13 cm and long tail of the 37Cs
peak suggest a high sedimentation rate in the bottom of the core.
As such we did not assign dates to these intervals, but can confi-
dently assume they represent a period of time prior to 1963. A
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change in the sedimentary environment may have occurred during
the construction of the Moses-Saunders Power Dam from 1954 to
1958. An influx of eroded sediment even over a short period of
time would dilute atmospheric 2'°Pb and lower activity within
the core.

We interpret the Hg profile in the sediment core as a signal of
historical industrial activity. While metal profiles in sediment can
be unstable due to diagenetic processes such as redox cycling, pre-
vious sediment cores from the Cornwall waterfront display Hg pro-
files that consistently match industrial activity, suggesting THg is
both stable and an accurate tracker of industrial discharge
(Delongchamp et al., 2009). While the dates of the oldest intervals
are unknown, the high concentration of THg at the bottom of the
core suggests it was after the opening of Domtar ~ 1883, and the
peak of THg at 35 cm suggests this was after ~ 1930 when ICI
would have also been operating. The decrease in THg concentra-
tions from 41.1 pg/g to 26.6 pg/g coincides with the improvement
of industrial processes for point-source polluters; for example, ICI
discharged > 410 g Hg/day in water effluent pre-1970, but only
85 g/day in water effluent post-1970 (Delongchamp et al., 2009).

Chironomid head capsules are present in extremely low con-
centrations in the sediment record during the times of high indus-
trial activity. In other studies where chironomid head capsules are
found only in very low abundance, it was concluded that profundal
fauna were extirpated due to degraded conditions and that the few
head capsules present were washed in from other zones and thus
did not represent the assemblage (Little and Smol, 2001; Little
et al., 2000; Quinlan et al., 1998; Walker et al., 1993). The absence
of chironomids is supported by a 1968 assessment, when three
dredge samples taken from 1.0, 3.5, and 5.0 km downstream of
the Domtar outfall contained no benthic organisms (Owen and
Veal, 1968). In comparison, a sample located 1.6 km downstream
where higher currents prevented debris from accumulating had a
benthic community dominated by midge larvae and tubificid
worms, and unimpacted sites along the south shore of the channel
showed a diverse community of pollution intolerant taxa (Owen
and Veal, 1968). As THg concentrations decreased and chironomid
head capsules increased post-1980, the most abundant taxa in the
assemblage (C. anthracinus-type, S. coracina-type, and Cricotopus/
Orthocladius-type) are degradation-tolerant. As C. anthracinus-
type has high concentrations of hemoglobin, this taxon is known
to be able to resist degraded conditions and the extended periods
of anoxia that often accompany organic pollution (Pinder, 1986).
S. coracina-type is known to be a metal-tolerant taxon (Ilyashuk
et al., 2003; Mousavi et al., 2003) that indicates mesotrophic con-
ditions (Hynynen et al., 2004), and has been found associated with
both high (Little and Smol, 2001) and low (Luoto and Salonen,
2010) dissolved oxygen. Cricotopus/Orthocladius-type are general-
ists and have been widely found persisting in polluted environ-
ments, including metal-contaminated sites (Doig et al., 2015;
Thienpoint et al., 2016). The increase of chironomids suggested
by the sediment core is supported by a 1988 survey which reported
assemblages of chironomids adapted to eutrophic conditions (i.e.,
poor dissolved oxygen, organic enrichment, and turbidity) down-
river of the Domtar outflow (Griffiths, 1988). Assemblage changes
(i.e., increase in abundance, diversity, and relative abundance of
metal-sensitive Rheotanytarsus and Polypedilum) in the uppermost
intervals co-vary with decreases in Hg concentrations and support
an interpretation of ecosystem recovery at the sampled location.

While chironomid assemblages in the modern-day dataset did
not display a relationship with THg, the concentration of THg in
the core is an order of magnitude higher than modern-day concen-
trations. In laboratory tests, Hg has been shown to impair chirono-
mid life history traits (Azevedo-Pereira and Soares, 2010) and high
concentrations of waterborne Hg and other heavy metals can cause
lethality (Anderson et al., 1980; Azevedo-Pereira and Soares, 2010;
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Béchard et al., 2008). Industrial effluent has also been shown to
reduce the abundance of benthic invertebrates and even defaunate
macrobenthic communities (Ahn et al., 1995; Lu and Wu, 2003).
Dermott (1991) notes severe depopulation of chironomid fauna
for 10 km downstream of chemical industries along the St. Clair
River. However, chironomids are known to be pollution-tolerant,
to the point where their deformities are used as an indicator for
extreme pollution stress (Diggins and Stewart, 1993; Vermeulen,
1995; Warwick, 1990). Other paleolimnological studies of chirono-
mids do not show extirpation due to metal contamination, though
they do record lowered abundances. Doig et al. (2015) saw head
capsule abundance decrease by 81% from pre- to post-industrial
periods. Ilyashuk et al. (2003) noticed a decrease in diversity and
evenness with metal contamination as abundant taxa became
more dominant and other taxa decreased in abundance. Even in
the highly polluted Pocket Lake, NWT, where the zooplankton
Cladocera were functionally lost from the sediment record, chi-
ronomids were not extirpated, though the assemblage shifted to
favour degradation-tolerant taxa (Thienpoint et al., 2016).

Alternatively, organic matter loading may have driven the his-
toric absence of chironomids at our sampling site. Pulp and paper
mill effluent, which Zone 1 received from Domtar, is associated
with a classic hypoxic response (replacement of oxic taxa by
hypoxic taxa) in lakes (Brodersen and Quinlan, 2006). Dissolved
oxygen is an important environmental variable in structuring chi-
ronomid assemblages (Brodersen and Quinlan, 2006). While chi-
ronomids are considered tolerant of low oxygen conditions, and
some taxa such as C. anthracinus-type can tolerate extended peri-
ods of anoxia, they have previously been shown to be extirpated
from anoxic sites (Hynynen et al., 2004; Little and Smol, 2001,
Little et al., 2000; Quinlan et al., 1998). Organic matter loading
from industrial effluent may have increased production, leading
to enhanced decomposition and hypoxia and/or anoxia at the
sediment-water interface. Rivers, due to their flow, are less prone
to extended periods of stratification and/or anoxic bottom waters
than lakes, and currently the SLR at Cornwall is well-mixed and
well-oxygenated (Windle, 2019). However, intermittent hypoxia
in rivers has been shown to decrease macrobenthos abundance
and it is suggested that that the co-occurrence of hypoxia with lar-
val settlement events could inhibit benthic recruitment (Llanso,
1992). Organic matter loading also likely increased suspended
solids and coarse particulate matter at the site. A 1966-67 survey
described the bottom as blanketed by bark and wood chips (Owen
and Veal, 1968). In 1988, the site was described as having high
coarse particulate matter consisting of wood chips and fibres,
and fauna were suggested to be responding to the shift in size in
organic particles (Griffiths, 1988). As oxygen depletion is unlikely
in the SLR, it is more likely chironomids were responding to this
change in physical environment. Higher organic material is also
associated with a higher capacity of a system to assimilate metals,
as metals complex with organic particles and are therefore less
bioavailable (Zhang et al., 2014). This suggests in systems impacted
by both trophic changes and metals, trophic changes are the more
important driver, which is supported by studies examining these
co-stressors (Brooks et al., 2005; Cao et al., 2016).

Head capsule abundances could theoretically be impacted by a
significant change in depositional environment. Construction pro-
jects associated with the St. Lawrence Seaway that occurred near
our study site, such as the construction of the Moses Saunders
power dam (1954-1958) or the Seaway International Bridge
(1958), may have affected site hydrology. Modelling indicates that
alterations did reduce the relative percentage of river discharge
flowing through the north channel of the river by 7%, however
modelled water velocities in the vicinity of our sampling sites sug-
gest only modest decreases in the range 0.00-0.25 m/s with the
greatest changes expected on the south side of the channel
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(Morin et al., 2000). However, river discharge is approximately 10%
higher post-dam (Morin and Leclerc, 1998), indicating overall
higher average flow rates. This would have decreased the potential
for deposition, implying we would see fewer head capsules post-
1960. As this is not the case, we do not believe that the changes
in head capsule abundance are primarily related to hydrological
modifications.

We are unable to make a conclusive statement on the mecha-
nism causing low chironomid abundances. We believe high con-
taminant concentrations, degraded oxygen conditions, and an
increase in the size and amount of organic particles may all play
either an independent or combined role in the ecological change
shown in the sediment core. Because mercury contamination and
organic matter loading co-occur, it is difficult to identify which fac-
tor is more important in the apparent decline and recovery of the
chironomid community. Future investigation is needed to disen-
tangle the impacts of these stressors.

Chironomid deformities

Teratological deformities, as noted in multiple other studies as a
common effect of sublethal stress due to heavy metal exposure
(Groenendijk et al., 1998; Ilyashuk et al., 2003; Warwick, 1990),
were not present in either the surface-sediment samples or sedi-
ment core in high enough abundance to quantify and perform sta-
tistical analyses. Deformities are generally measured in the
profundal taxa Chironomus and Procladius (Vermeulen, 1995,
Warwick, 1991, 1990); however, these taxa had low individual
counts in each interval. The surface-sediment samples were very
diverse and represented littoral communities, while intervals in
the sediment core corresponding to elevated THg conditions had
low total chironomid abundance.

Conclusion

This study provides strong evidence of ecological change which
co-occurs with the waterfront’s historic industrial activity.
Modern-day assemblage diversity and richness is not affected by
metals, however legacy metals (primarily Zn) associated with the
Courtaulds plant still structure assemblages by influencing the dis-
tribution of certain taxa. Zinc explained more assemblage variation
in modern-day samples than any other industrial metal or environ-
mental variable tested by our study. Depth also explained a signif-
icant amount of variation. Chironomids at our sediment core
location appear to have responded to industrial pollution with
extreme decreases in abundance, likely as a result of toxic metal
effects, hypoxia, and/or habitat change from organic matter load-
ing. However, as industrial activity inferred from Hg concentration
decreased, chironomids re-appeared and followed an apparent
recovery trajectory, as suggested by the increase in diversity, abun-
dance, and metal-sensitive taxa. The pollution impacts suggested
by the sediment core warrant further investigation to fully under-
stand the impact of industrial pollution on assemblages, for exam-
ple characterizing the level of pollution where chironomids can
once again survive, disentangling effects of different pollution-
associated drivers, or assessing pre-disturbance assemblages to
better understand change.

Our research has implications for ecosystem management.
Distinguishing the effects of legacy Zn from Hg suggests that both
legacy and modern-day Hg inputs, while separate management
concerns due to their potential for biomagnification, do not cur-
rently affect chironomid assemblage structure. The identification
of pollution-sensitive taxa in modern-day samples and the tempo-
ral response to contamination helps inform the future use of chi-
ronomids as indicators of industrial pollution, for both
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biomonitoring and paleolimnological investigations. Finally, while
surface-sediment samples experience alteration associated with
legacy contamination, the impacts appear to be far less severe than
those implied by the sediment core and by historical surveys. This
suggests that conditions have improved since the decline of indus-
trial activity and supports the use of natural remediation as a man-
agement strategy within the Cornwall waterfront.
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