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A B S T R A C T   

Continuous and multi-decadal records of faunal abundance and diversity helping to identify the impacts of 
ongoing global warming on aquatic ecosystems are rare in the coastal Arctic. Here, we used a 50-year-long 
microfaunal record from a sediment core collected in the Herschel Basin (YC18-HB-GC01; 18 m water depth) 
to document some aspects of the environmental responses of the southern Canadian coastal Beaufort Sea to 
climate change. The microfaunal indicators include benthic foraminiferal assemblages, ostracods and tintinnids. 
The carbonate shells of two foraminiferal species were also analyzed for their stable isotope signatures (δ13C and 
δ18O). We compiled environmental parameters from 1970 to 2019 for the coastal region, including sea ice data 
(break-up date, freeze-up date, open season length and mean summer concentration), the wind regime (mean 
speed, direction of strong winds and the number of storms), hydrological data (freshet date, freshet discharge and 
mean summer discharge of the Firth and the Mackenzie rivers), and air temperature. Large-scale atmospheric 
patterns were also taken into consideration. Time-constrained hierarchal clustering analysis of foraminiferal 
assemblages and environmental parameters revealed a near-synchronous shift around the late 1990s. The 
microfaunal shift corresponds to an increased abundance of taxa tolerant to variable salinity, turbulent bottom 
water conditions, and turbid waters towards the present. The same time interval is marked by stronger easterly 
winds, more frequent storms, reduced sea-ice cover, and a pervasive anticyclonic circulation in the Arctic Ocean 
(positive Arctic Ocean Oscillation; AOO+). Deeper vertical mixing in the water column in response to intensified 
winds was fostered by increased open surface waters in summer leading to turbulence, increased particle loading 
and less saline bottom waters at the study site. Stronger easterly winds probably also resulted in enhanced 
resuspension events and coastal erosion in addition to a westward spreading of the Mackenzie River plume, 
altogether contributing to high particulate-matter transport. Increase food availability since ~2000 was probably 
linked to enhanced degradation of terrestrial organic carbon, which also implies higher oxygen consumption. 
The sensitivity of microfaunal communities to environmental variations allowed capturing consequences of 
climate change on a marine Arctic shelf ecosystem over the last 50 years.   

1. Introduction 

Severe environmental changes in the coastal habitats of the south
eastern Beaufort Sea due to global warming include sea-ice loss (Frey 
et al., 2015), increased coastal erosion rates (Irrgang et al., 2018), and 
the Mackenzie River plume spreading into open waters (Mulligan and 
Perrie, 2019). These modifications of the nearshore habitat can affect 

the distribution, quality, and diversity of marine resources (e.g., Brew
ster et al., 2016; Gallagher et al., 2021), with consequences on food 
security, culture, and economy of northern communities that rely on 
marine ecosystem for subsistence (Fritz et al., 2017). Identifying re
lationships between biota and their habitat can help local stakeholders 
to find adaptation strategies to climate change. However, studies that 
combine faunal and climatic records are sparse, and the existing records 
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often cover too short or discontinuous observational periods, which 
makes it difficult to disentangle the impacts of recent anthropogenic 
climate warming versus natural climate and environmental variability. 
Paleoceanographic reconstructions with high temporal resolution can 
help fill the gap (e.g., Lapointe et al., 2017; Nguyen et al., 2017; Kutos 
et al., 2021; Gemery et al., 2023). 

Microorganisms of Arctic Ocean shelves have been widely used as 
indicators of marine conditions. Their distribution is related to water 
temperature, salinity, oxygen levels, contaminants, and surface pro
ductivity (Cearreta et al., 2000; Wollenburg and Kuhnt, 2000; Polyak 
et al., 2002; Stepanova et al., 2003; Ruiz et al., 2005 and references 
therein; Gemery et al., 2017). In sediment archives, these microorgan
isms can be used to develop time series, providing that sedimentary 
processes are favorable to continuous and fine particle accumulation, 
which is uncommon in dynamic nearshore areas. 

In this study, we established an ecological record spanning the last 
50 years based on the analyses of microfaunal community changes in the 
Herschel Basin on the Beaufort Sea continental shelf, Canada. In addi
tion to microfaunal assemblages, we analyzed the isotopic composition 
of the carbonate shells of two benthic foraminiferal species to further 
document bottom water conditions. In parallel, we compiled instru
mental and satellite data of different environmental parameters 
including sea-ice, wind, hydrography, air temperature, and large-scale 
atmospheric pattern. By comparing both datasets, we seek to investi
gate potential relationships between ecological and environmental 
changes and to identify potential stressors in a rapidly evolving Arctic 
nearshore zone. This study also aims to validate the use of micropale
ontological tools to reconstruct the impacts of recent climate changes on 
Arctic coastal areas, where in-situ measurements and ecosystem-based 
monitoring programs are limited (cf. Fritz et al., 2017; Brewster et al., 

2021). 

2. Study area 

The Canadian Beaufort Sea continental shelf is ~530 km long and up 
to ~120 km wide. It is flanked by the Mackenzie Delta to the east and 
Herschel Island – Qikiqtaruk to the west (Fig. 1). East of the island, the 
Herschel Basin is 15 km wide, 40 km long, and has a maximum depth of 
70 m (Fig. 1, EBA Engineering Consultants Ltd, 1992). As a natural 
sedimentary depocenter, it allows for a continuous accumulation of 
sediment and biological remains (Grotheer et al., 2020; Falardeau et al., 
2023a). The shallow (<20 m) part of the continental shelf is covered by 
persistent land-fast ice that forms in October and lasts until late June 
(Carmack and Macdonald, 2002). In summer, sea-ice meltwater and 
river discharge generate a stratified surface water layer of 7–15 m-thick 
(Carmack and Macdonald, 2002; Falardeau et al., 2023a). 

Predominant wind directions are an important component of the 
physical coastal environment. Under strong easterly winds, sea ice is 
pushed offshore, nutrient-rich subsurface waters upwell (Carmack and 
Macdonald, 2002; Pickart et al., 2011), and the Mackenzie River plume 
spread up to hundreds of kilometers westward (Mulligan and Perrie, 
2019). Inversely, strong westerly winds tend to maintain sea ice and the 
river plume close to shore. 

The Mackenzie River is among the four largest rivers discharging into 
the Arctic Ocean with an annual mean flux of 316 km3⋅a− 1 (for 
1999–2008; Holmes et al., 2012). The Mackenzie River plume, partic
ularly during the spring freshet, brings fresh and particle-rich waters 
onto the shelf (Ehn et al., 2019). Two smaller rivers close to the study 
site, the Firth and Babbage rivers (Fig. 1), and smaller river systems, also 
contribute to freshwater with dissolved- and particulate-matter input (e. 

Fig. 1. a) Study area in the southern Canadian Beaufort Sea and b) close-up of the core site location. White and black diamonds represent the location of the 
hydrometric and weather stations, respectively. The black dots correspond to the grid used to calculate the mean summer sea-ice concentration. The purple arrow 
corresponds to the longshore current carrying low saline waters derived from the coastal river outflows and the extension of the Alaskan coastal waters; the blue 
arrow corresponds to the nutrient-rich and saline (>31.5) Pacific waters flowing through the ‘’Beaufort Sea shelfbreak jet’’ (Pickart, 2004); the yellow arrows show 
the Beaufort Gyre and the associated recirculation currents and finally, the green arrow identified in (b) indicates the cold (<-1 ◦C) and low salinity (<31) surface 
waters (<30 m) flowing through the shelf current (Lin et al., 2020). Maps were made in Ocean Data View (Schlitzer, 2018). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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g., Coch et al., 2018). 

3. Material and methods 

3.1. Microfaunal analyses 

Remains of microorganisms were analyzed in the sediment core 
YC18-HB-GC-01 (Fig. 1; 69.544◦N-138.970◦W; 18 m water depth; 
hereafter HBGC01) collected in the Herschel Basin in August 2018. The 
coring site is located approximately 4 km east of the Herschel Island 
coast and 125 km west of the Mackenzie River mouth at Shallow Bay 
(Fig. 1). The core was retrieved with a UWITEC gravity corer from a 
Zodiac inflatable boat and stored at +4 ◦C until further analyses. The 
HBGC01 core was cut in halves lengthwise and subsampled at 1-cm 
intervals for micropaleontological and radio-isotope analyses. The 40 
cm-long core spanned from ~1970 to 2018 with a mean sediment 
accumulation rate of 0.9 ± 0.3 g cm− 2⋅a− 1 allowing for a near-annual 
resolution (Falardeau et al., 2023a; Fig. A1d). The age model was 
built based on 210Pb radiogenic activities and sediment density using the 
Plum package (Aquino-López et al., 2018) in R (R Core Team, 2021). 
Sediment laminations and a mixed 210Pb excess signal in the core top 10 
cm suggested reworking (Hill and Nadeau, 1989; Fig. A1a, c). However, 
the 210Pb log-decrease between the bottom of the core and 10 cm led to 
estimating a mean sedimentation rate of 0.8 cm⋅a− 1, which was fed into 
the Plum age model. An independent 137Cs peak at 38-37 cm suggested 
an age of 1963 (Aoyama et al., 2006) that roughly matched the age 
interval of 1963–1981 given by the age model (Fig. A1d; see Falardeau 
et al., 2023a for more details). 

For microfossil counts, 6–7 g of dry sediment per sample were wet- 
sieved at 63 μm and the upper fraction was observed under a stereo 
microscope at a magnification of 40 to 60X. The samples contain three 
main types of microfossils: benthic foraminifera (calcareous and 
agglutinated, inclusively), ostracods, and tintinnids. Foraminifera were 
identified according to Feyling-Hanssen et al. (1971), Polyak et al. 
(2002), and Scott et al. (2008), while ostracods identification was based 
on Stepanova et al. (2003) and Gemery et al. (2017). The only species of 
tintinnid observed in the dried fraction >63 μm is Tintinnopsis fimbriata 
(Meunier, 1919), which is an agglutinated ciliate that inhabits the upper 
40 m of the water column (Paranjape, 1987). For this study, the abun
dance of microfossils is expressed in fluxes (#⋅cm− 2⋅a− 1), which is the 
number of specimens counted per gram of sediment in one sample 
(#⋅g− 1) multiplied by the accumulation rates (g⋅cm− 2⋅a− 1). For more 
details on microfossil preparations, species identification, and micro
faunal diversity in the Herschel Basin see Falardeau et al. (2023a). 

We analyzed the assemblages of the benthic foraminifera and re
ported the relative abundance of species in percentages (%; calcareous 
and agglutinated foraminifera together). For the purpose of this paper, 
only the relative abundances of the taxa with clear ecological affinities 
are discussed (see Table 1). 

3.2. Geochemistry 

3.2.1. Carbonate shells 
The carbonate shells of the two most abundant calcareous benthic 

foraminiferal species, Elphidium clavatum and Cassidulina reniforme, were 
analyzed for their stable isotopic composition (δ18O and δ13C, ‰ vs. 
VPDB) at the light stable isotope geochemistry laboratory of Geotop- 
UQAM following standard laboratory procedures. Briefly, the speci
mens from the >63 μm fraction of each species were weighed using a 
microbalance, which yielded between 50 and 120 μg of material per 
sample. The weighed specimens were subsequently transferred into 
conical glass vials, closed with septum caps, and heated at 90◦ for an 
hour before the analysis, which is performed using a Micromass Iso
prime isotope ratio mass spectrometer coupled to a MultiCarb system in 
dual inlet mode. The results are normalized based on two internal ref
erences (UQ6: δ18O = − 1.48 ± 0.03‰ and − 14.25 ± 0.05‰; NBS18: 

δ13C = 2.21 ± 0.03‰ and − 40.78 ± 0.05‰; see raw data in Table A1). 

3.2.2. Bulk sediment 
Geochemical analyses on the bulk sediments of core HBGC01 

Table 1 
List of the microfaunal taxa, the corresponding abbreviation names, and their 
ecological affinities when applicable. *Selected ecological indicators used in this 
study (see Fig. 2a).  

Abbreviation Species Ecological affinities Reference 

B. frig Buccella frigida Tolerant to low 
salinity in Arctic 
shelves 

Polyak et al. 
(2002); Scott et al. 
(2008);  
Wollenburg and 
Kuhnt (2000) 

C.ren Cassidulina 
reniforme 

Stable saline bottom 
waters 

Polyak et al. 
(2002); Scott et al. 
(2008) 

E.alb Elphidium 
albiumbilicatum   

E.ask Elphidium asklundi Tolerant to low 
salinity 

Falardeau et al. 
(2023a) 

E.bart *Elphidium 
bartletti 

Varying and generally 
low salinities; Coarse- 
grained substrate 

Polyak et al. 
(2002); Falardeau 
et al. (2023a) 

E.clav Elphidium 
clavatum   

E.pul *Eoeponidella 
pulchella 

Food availability and 
upwelling 

Wollenburg and 
Kuhnt (2000);  
Scott et al. (2008);  
Falardeau et al. 
(2023a) 

E.tak Epistominella 
takayanagii   

H.orb Haynesina 
orbicularis 

Tolerant to low 
salinity in Arctic 
shelves 

Polyak et al. 
(2002); Scott et al. 
(2008) 

H.niv *Haynesina nivea Shallow 
environments; Fresh, 
warm and unstable 
water conditions 

Voltski et al. 
(2015); Falardeau 
et al. (2023a) 

I.hel Islandiella helenae Cold and relatively 
low salinity waters in 
shallow Arctic 
shelves; Near sea-ice 
margins 

Cage et al. (2021) 

I.nor *Islandiella 
norcrossi 

Stable saline waters Polyak et al. 
(2002); Cage et al. 
(2021) 

Poly Polymorphinids   
Q.stalk *Quinqueloculina 

stalkeri 
Associated to glacier- 
proximal facies; 
Tolerate turbidity; 
Can feed on bacterial 
degradation products 

Guilbault et al. 
(2003); Falardeau 
et al. (2023b) 

R.turb Recurvoides 
turbinatus   

S.fey *Stainforthia 
feylingi 

Sea-ice margin 
productivity 

Seidenkrantz 
(2013) 

S.bif Spiroplectammina 
biformis 

Rapid sedimentation 
and turbid 
meltwaters 

Jennings and 
Helgadóttir (1994) 

S.hor *Stetsonia horvathi Oligotrophic waters 
under permanently 
ice-covered regions; 
Can feed on bacterial 
degradation products 

Wollenburg and 
Kuhnt (2000);  
Jennings et al. 
(2020); Falardeau 
et al. (2023b) 

T. ear *Textularia 
earlandi 

Opportunistic; Can 
feed on bacterial 
degradation products; 
Tolerate turbidity 

Alve (2010);  
Jennings et al. 
(2020); Falardeau 
et al. (2023b) 

T.tor Textularia 
torquata    
Tintinnopsis 
fimbriata 

Fresh sediment- 
loaded waters; Near 
river mouths 

Echols and Fowler 
(1973); Falardeau 
et al. (2023a)  
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comprise the total organic carbon (TOC) and the total nitrogen (TN) 
together with the stable isotopic ratios of organic carbon (δ13Corg) and 
nitrogen (δ15N). For each subsample, about 1 g of homogenized freeze- 
dried sediment was weighed at UQAM before being sent to the Stable 
Isotope Facility of the University of California (Davis, USA). Following 
their procedures, the inorganic carbon and moisture of ~5–30 mg of 
subsamples were removed by fumigation with hydrochloric acid (37%) 
for 72 h and by treatment with NaOH pellets for 1–2 days, respectively, 
both at a temperature of 60 ◦C. The TOC and TN were measured with an 
ECS 4010 Elemental Analyzer (Costech) and are given in weight percent 
(wt %). The δ13C and δ15N were measured using an Elementar Vario El 
Cube elemental analyzer coupled to an Isoprime VisION IRMS (Ele
mentar) or a PDZ Europa 20-20 isotope ratio mass spectrometer (Ser
con). The results are reported per mil relative to the Vienna Pee Dee 
Belemnite (‰ vs. VPDB) or the air standards (‰ vs. N air) for carbon and 
nitrogen, respectively. The atomic C/N ratio was obtained by multi
plying the TOC/TN ratio with the atomic mass ratio of N/C (i.e. 14/12; 
see raw data in Table A2). 

3.3. Environmental parameters 

3.3.1. Sea-ice cover and seasonality 
To quantify the daily sea-ice concentrations in the study area (area 

covered by sea ice in %), the mean of 18 grid points (25 km × 25 km) 
was calculated from the NOAA/NSIDC climate data record of passive 
microwave sea-ice concentration covering the 1979–2018 interval (data 
from Meier et al., 2017; see Fig. 1 for grid point locations). The metrics 
include the mean summer (June, July, August, and September; JJAS) 

sea-ice concentration followed by the break-up and freeze-up dates 
defined as 10 consecutive days with less than 50% and over 50% of 
sea-ice concentration, respectively, from which the length of the ice-free 
season was obtained. 

3.3.2. Wind data 
We used the hourly wind data from the Komakuk Beach weather 

station (Fig. 1; Environment and Climate Change Canada Historical 
Climate Data, 2020b), which covers from 1973 to 2018. Measurements 
were made every 6 h from 1973 to 1993, and every hour, from 1994 to 
2018. Gaps that were smaller than 6 consecutive hours were interpo
lated from linear regression. The interpolated hourly 1994–2018 record 
was then subsampled every 6 h to avoid an overrepresentation of the 
data in this interval. Only the hourly wind data within the open water 
season were considered for all calculated wind indices. 

We analyzed the direction of winds >10 m s− 1, which exhibited a 
clear bimodal pattern (Fig. A2) as winds originated either from the east 
or the west (east: 45◦–135◦ and west: 225◦–315◦). We calculated the 
mean wind speed per open water season for both directions. We also 
calculated the annual frequency of storm events, which are described as 
six consecutive hours with winds >10 m s− 1 (cf. Manson and Solomon, 
2007). A storm event was thus recorded when two consecutive readings 
>10 m s− 1 occurred. Data from the Herschel Island weather station are 
also available (Fig. 1b), but the temporal coverage is too short and 
discontinuous for being included in this study (see Fig. A2 and 
Table A3). 

Fig. 2. Heat maps and time-constrained hierarchal clusters illustrated as dendrograms of the (a) foraminiferal relative abundances, including the selected ecological 
indicators, and the (b) environmental parameters reordered based on their weighted average from the cluster score. See Tables 1 and 2 for the ecological affinity 
references and the abbreviation corresponding names. 
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3.3.3. River discharge 
Time-series of daily discharge data were retrieved online from the 

Firth River Near the Mouth, the Babbage River Below Caribou Creek, 
and the Mackenzie River at the Arctic Red River hydrometric stations 
(Fig. 1; Environment and Climate Change Canada Historical Hydro
metric Data, 2020). Discharge data cover 46 years (1972–2018), 18 
years (1978–1994), and 44 years (1973–2017), respectively. Three hy
drometric indices are used to describe the river dynamics: (1) the spring 
freshet date, (2) the freshet discharge, and (3) the mean summer 
discharge (July, August, and September; JAS), after the spring freshet 
date. The spring freshet date was defined as the day of the highest 
discharge between May and June. Due to its short temporal coverage, 
the Babbage River will not be discussed any further (see data in Fig. A3 
and Table A3). 

3.3.4. Air temperatures 
Air temperature data were obtained from the Environment and 

Climate Change Canada Historical Climate Data (2020a). The mean 
summer (JJAS) air temperature was calculated based on the daily mean 
air temperatures at Komakuk Beach (1958–2017) and at Herschel Island 
(1995–2018) weather stations (Fig. 1; Table A3), but only the longer 
record of Komakuk Beach was used for further analyses. 

3.3.5. Atmospheric oscillation indices 
We acquired the monthly means of different atmospheric oscillation 

indices including the North Pacific Index (NPI; Trenberth and Hurrell, 
1994), the Aleutian Low-Beaufort Sea Anticyclone (ALBSA; Cox et al., 
2019), the Arctic Oscillation (AO; Thompson and Wallace, 1998) and the 
Pacific Decadal Oscillation (PDO; Mantua et al., 1997) from the NOAA 
Physical Sciences Laboratory website (https://psl.noaa.gov/). Subse
quently, we calculated the summer (JJAS) mean for these indices, in 
addition to the spring bloom (June and July) and the fall bloom (August 
and September) means. To evaluate if there was a level of predictability 
of the climate indices on the following summer environmental condi
tions, we also calculated the mean of the indices for the three months 
(March, April, and May; MAM), the six months (December to May; 

DJFMAM) and the twelve months before the beginning of the summer 
season (June). Finally, the annual Arctic Ocean Oscillation index (AOO; 
Proshutinsky and Johnson, 1997; https://www.whoi.edu/page.do?pi 
d=66578) was also used in this study. A summary of the atmospheric 
oscillation indices used in this study and their potential linkages with the 
southern Beaufort Sea environmental conditions are presented in 
Table A4. 

3.4. Cluster analyses and rate of change 

The continuous temporal coverage between the ecological indicators 
and the environmental parameters spans from 1979 to 2017. Data from 
the sediment core were treated independently because of uncertainties 
with regard to the age model and the irregular time steps between the 
sediment subsamples. To identify discontinuities in the time-series and 
to keep the chronological order, we used a time-constrained hierarchal 
cluster analysis. For the foraminiferal assemblages, we applied the Bray- 
Curtis dissimilarity on the square-root transformed foraminiferal relative 
abundances, i.e. the Hellinger transformed foraminiferal raw counts. The 
square-root transformation reduces the importance of the abundant 
taxa, and inversely, gives more importance to the lower-numbered taxa. 
Only the species recording >1% in at least one sample were kept for 
statistical analyses (n = 20 taxa; Fig. 2a). For the environmental dataset 
that includes parameters of different units and scales, the cluster was 
applied on the Euclidean distance of the z-scores transformed parameters 
(n = 41 parameters; Fig. 2b). We used the constrained hierarchal clus
tering function (chclust) of the rioja package (Juggins, 2022) in R (R Core 
Team, 2021). Subsequently, the relative abundances of the taxa were 
normalized on a scale of 0–5 and ordered based on their weighted 
average from the cluster score using the vegemite function of the vegan 
package in R (Oksanen et al., 2013) and illustrated with a heat map 
(Fig. 2a). The same approach was used for the environmental parame
ters (Fig. 2b). Only the variables that demonstrated ruptures or changes 
within the covered time interval are discussed in this study. 

We also calculated an index of the rate of change per year for the 
foraminiferal and environmental data, which corresponds to the Bray- 
Curtis dissimilarity or the Euclidean distance for the foraminiferal as
semblages and the environmental data, respectively, between adjacent 
samples or years in both chronosequences. The distance calculation was 
applied to the square-root transformed foraminiferal relative abun
dances and the z-score transformed environmental parameters. To 
obtain a rate of change per year, the Euclidean distance of the forami
niferal assemblages was divided by the elapsed time between samples. 
All the environmental data are available in Table A3. 

4. Results and discussion 

4.1. Environmental changes 

The dendrogram of the time-constrained hierarchical clustering of 
the environmental parameters places the first division in 1998–1999 
(Fig. 2b). The two resultant subsets are mainly determined by the 
intensification of easterly storms and the total number of storms (Fig. 2b 
and 3f). Accordingly, the mean easterly wind speeds increase towards 
the present and frequently reach values above 6 m s− 1 (Fig. 3e). Other 
important changes recorded around 1998 involve sea ice conditions 
(Fig. 2b). While the break-up occurred on average 18 days earlier in 
1998–2017, the average freeze-up date was delayed by 15 days, 
implying an increased open water season of about one month 
(Table A3). This trend is reflected in the summer sea-ice concentration, 
which decreased from 34 ± 14% before 1998 to 18 ± 11% afterwards 
(Fig. 3d). 

The hydrographical indicators do not particularly stand out in the 
analysis, except for a possible increase in the Firth River mean summer 
discharge and an earlier freshet of the Mackenzie River towards the 
present (Figs. 2b, A3). The summer mean discharge of the Firth River 

Table 2 
List of the environmental parameters and their corresponding abbreviation 
names.  

T_sum_kom Mean summer air temperature at Komakuk Beach (◦C) 

Fd_Tsi Freshet date at Arctic Red River (Julian Day) 
Md_Tsi Mean summer discharge at Arctic Red River (m3⋅s− 1) 
Fv_Tsi Freshet discharge value at Arctic Red River (m3⋅s− 1) 
Fd_Firth Freshet date at Firth River (Julian Day) 
Md_Firth Mean summer discharge at Firth River (m3⋅s− 1) 
Fv_Firth Freshet discharge value at Firth River (m3⋅s− 1) 
sum_sic Mean summer sea-ice concentration (%) 
break_up Date of sea-ice break-up (Julian Day) 
Op_seas Number of ice-free days 
Freeze_up Date of sea-ice freeze-up (Julian Day) 
mean_E_k Mean easterly wind speed during the open water season at Komakuk 

Beach (m⋅s− 1) 
mean_W_k Mean westerly wind speed during the open water season at Komakuk 

Beach (m⋅s− 1) 
east_storm_k Number of easterly storms at Komakuk Beach 
west_storm_k Number of westerly storms at Komakuk Beach 
tot_storm_k Total number of storms at Komakuk Beach 
NP North Pacific Index 
PDO Pacific Decadal Oscillation 
AOO Arctic Ocean Oscillation 
AO Arctic Oscillation 
AL Aleutian Low-Beaufort Sea Anticyclone (ALBSA) 
yr Mean of the twelve months prior to the open water season (i.e., June) 
sum Summer mean (JJAS) 
sb Spring bloom (JJ) mean 
fb Fall bloom (AS) mean 
lag1 Mean of the three months (MAM) before the open water season 
lag2 Mean of the six months (DJFMAM) before the open water season  
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increased by about 50 m3⋅s− 1 over the 2005–2018 interval (Fig. A3). The 
waters of the Firth River and the organic matter they carry may reach 
the Herschel Basin as the currents flow dominantly from west to east 
through the Workboat Passage adjacent to the southern shore of Her
schel Island (Fig. 1; Pelletier and Medioli, 2014). The Mackenzie River 
freshet occurred on average one week earlier since the beginning of the 
1990s (Fig. A3). The PDO has generally been negative after 1998 
(Fig. 2b) while the AOO became positive after 1997 (Figs. 2b and 3c). 
Lower environmental variability after 2000 is suggested by a decrease in 
the rate of change (Fig. 3b). 

4.2. Changes in the marine habitat 

4.2.1. Microfaunal community 
The dendrogram of the time-constrained hierarchal clustering for the 

foraminiferal assemblages places the main division of the full 
1979–2017 time interval at 23 cm, which corresponds to an age of 1994 
± 5 years (Fig. 2a). The 1979–1994 subgroup was marked by abundant 
Islandiella norcrossi and Stainforthia feylingi, which decrease afterwards 
as Textularia earlandi, Eoeponidella pulchella, Elphidium bartletti, Quin
queloculina stalkeri, Stetsonia horvathi and Haynesina nivea increase 
(Fig. 2a). 

The two main subsets of foraminiferal taxa are characterized by 
different levels of tolerance to low salinity waters and unstable condi
tions. While Islandiella norcrossi typically prefers stable saline condi
tions, Haynesina nivea and Elphidium bartletti occupy shallow 
environments with variable temperatures and salinities, along with 
relatively turbulent bottom waters (Table 1). The taxon Stainforthia 
feylingi is also more abundant at a deeper site of the Herschel Basin, 
which suggests a preference for calm and stable environmental condi
tions (Falardeau et al., 2023a). The height and number of branches in 
the dendrogram are higher in the 1994–2017 interval than from 1979 to 
1994, which illustrates that neighboring assemblages are less compa
rable after ~1994 (Fig. 2a). Accordingly, the trend in the rate of change 
continuously increases and shows repeated peaks of particularly high 
values after ~1998 (Fig. 3a). This behavior is coherent with more dis
similar and changing foraminiferal assemblages, thus suggesting more 
unstable marine coastal habitat conditions during the last two decades. 

The two subsets of foraminiferal taxa may also reflect preferences for 
different types of food given the inverse relationship between species 
feeding on degradation products by bacteria (i.e. Quinqueloculina stal
keri, Textularia earlandi and Stetsonia horvathi) or on food associated with 
upwelling and primary productivity (i.e., Eoeponidella pulchella), and a 
species (i.e., Stainforthia feylingi) that feed near sea-ice margins (Table 1; 
Figs. 2a and 3p). The transition around 1994 is also marked by a 
decrease in ostracod fluxes from a mean of 1.5 ± 0.8 valves⋅cm− 2⋅g− 1 

before repeatedly near-zero values afterwards. Inversely, the tintinnid 
Tintinnopsis fimbriata was nearly absent before ~1994, after which its 
flux increased, peaking at 24 cm− 2⋅g− 1 (Fig. 3n). The average calcareous 
benthic foraminiferal fluxes is lower after ~1994 (Fig. 3o, black line). 
However, the fluxes show large amplitude variations since ~2010 with a 
distinct peak in calcareous foraminiferal abundance of 119 cm− 2⋅g− 1 

around 2014. Minimum values are recorded at the bottom and top of the 
core, which coincide with intervals of reduced agglutinated benthic 
foraminiferal fluxes (Fig. 3o). 

4.2.2. Geochemistry and lithology 
The δ13C-values of Elphidium clavatum average − 3.4 ± 0.3‰. Nega

tive values characterize infaunal habitat, as the interstitial water of the 
sediment is depleted in 13C (McCorkle et al., 1997). After ~2006, the 
δ13C-values slightly decrease reaching the lowest value of − 4.0 ± 0.1‰ 
in ~2012 (Fig. 3l, gray). The δ13C-values of Cassidulina reniforme remain 
constant throughout the record (− 1.8 ± 0.2‰; Fig. 3l, black). The δ13C 
of E. clavatum is lower than that of C. reniforme, suggesting that 
E. clavatum either lives at a greater depth in the sediment and/or have a 
faster metabolism (higher respiration rates; cf. Ravelo and 
Hillaire-Marcel, 2007; Cesbron et al., 2016). Decreased δ13C-value in 
benthic foraminiferal shells can also relate to more depleted inorganic 
carbon in bottom waters due to high microbial respiration of organic 
matter (Mol et al., 2018). The δ18O-values of E. clavatum ranged from 
0.6‰ in the ~1970–2000 interval to values > 1.0‰ towards the core top 
with two relatively low values around 2012 and 2016 (Fig. 3m, gray 
line). C. reniforme also shows a trend toward higher δ18O-values upcore 
(Fig. 3m, black line). In estuarine-like environments, increased δ18O 
suggests increased water salinity as these variables tend to have a pos
itive linear relationship (Polyak et al., 2003; Lansard et al., 2012). 

The TOC increased from 2.2 to 3.8% towards the core top (Fig. 3i), 
and the δ13Corg and δ15N of bulk sediment samples decreased after 
~2009 (Fig. 3g and h). The C/N ratio >10 suggests dominant terrestrial 
organic matter sources, especially towards the core top (Fig. 3; cf. Magen 
et al., 2010; Jong et al., 2020). The changes in the grain-size distribution 
of the core are restricted to the last decade with sand content increasing 
from ~9 to 31% (Fig. 3k). 

4.3. Consequences of climate change on the coastal ecosystem 

4.3.1. Easterly winds, sea ice, and unstable marine conditions 
Winds and sea ice-related variables recorded the most significant 

changes along the southeastern Beaufort Sea coast over the last five 
decades. The relationship between easterly winds and the reduced sea- 
ice cover and/or persistence is known in the region (Ogi and Wallace, 
2007; Wood et al., 2013; Frey et al., 2015), as easterly winds tend to 
push the ice away from the shore. At the regional scale, enhanced 
easterly winds occur under a strong anticyclonic regime (i.e., under 
positive AOO; Proshutinsky and Johnson, 1997; Ogi and Wallace, 2007, 
Fig. 3c, d, e; Table A4). Furthermore, the potential relationship between 
negative PDO and reduced sea ice (Fig. 2b) in the Arctic Ocean has been 
documented by Screen and Francis (2016) and Lapointe et al. (2017). 
Hence, negative PDO normally occurs when the Aleutian Low is weak 
(positive NPI; Table A4), which leads to dominant southerly winds in the 
northern Pacific, thus to the advection of warm Pacific air towards the 
central Arctic. However, the effects of a negative PDO/weak Aleutian 
Low on the sea-ice cover of the southern Beaufort Sea is equivocal, as it 
also favors westerly winds (downwelling events; Kirillov et al., 2016; see 
section 2). Ultimately, the strength of the anticyclonic circulation in the 
western Arctic better accounts for wind direction and sea-ice cover 
changes in the area (Ogi and Wallace, 2007; Kirillov et al., 2016; this 
study). On land, negative PDO leads to warmer atmosphere and 
enhanced precipitation in the northwestern Canadian Arctic (Lapointe 
et al., 2017; Kutos et al., 2021), which might result in higher mean river 
discharge (Coch et al., 2018), and possibly earlier freshet dates (Figs. 2b, 
A2). The environmental parameters that stand out the most from our 

Fig. 3. Summary figure of regional changes from the 1970s to 2018 as recorded in the study core, and the environmental and climatic archives. Rate of change of the 
a) benthic foraminiferal assemblages and the b) environmental parameters (see section 3.4). c), d), e), and f) Selected environmental indicators. g), h) and i) 
Geochemical measurements performed in the HBGC01 core together with the atomic C/N ratio (black line). j) Accumulation rates (g⋅cm− 2) and k) concentration of 
sand (%). l) δ13C and m) δ18O of Elphidium clavatum (gray) and Cassidulina reniforme (black). n) Fluxes (#⋅cm− 2⋅a− 1) of Tintinnopsis fimbriata (black shaded area) and 
ostracod valves (gray shaded area) and o) fluxes of calcareous (black line) and agglutinated (gray line) benthic foraminifera. p) Relative abundance (%) of Eoe
ponidella pulchella (green shaded area) and the cumulative abundance (%; purple shaded area) of Islandiella norcrossi and Stainforthia feylingi from 1970 to 2018 (see 
Falardeau et al., 2023a). The solid purple line delineates the abundance of S. feyling (below) and I. norcrossi (above). The gray shaded areas highlight the 1999–2017 
and the 1994–2017 subsets of the foraminiferal taxa and the environmental parameters, respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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cluster analysis are thus interrelated and complementary to each other 
(Table A4). 

The environmental shift identified in 1998 is near-synchronous with 
the important marine habitat shift revealed by the microfaunal com
munity in 1994 ± 5 years (Fig. 2; section 4.2.1). A reduced sea-ice cover, 
strong easterly winds, and the enhanced frequency of storms likely 
favored vertical mixing (Rainville and Woodgate, 2009; Schulze and 
Pickart, 2012) and a western dispersal of the Mackenzie River plume 
towards Herschel Island and beyond (Mulligan and Perrie, 2019). 
Altogether, they can account for more variability in oceanographic 
conditions at depth in the Herschel Basin (section 4.2.1), in accordance 
with the foraminiferal rate of change recording the highest values 
(Fig. 3a). Interestingly, lower environmental variability was recorded 
after 1998 (Fig. 3b). The lower summer sea-ice concentration, thus the 
longer open water season, might have played an important role in 
coastal habitat instabilities. Although environmental variability was 
higher before 1998, more persistent land-fast ice probably acted as a 
shield from the variable climatic conditions (see Falardeau et al., 
2023a). 

The Mackenzie River hydrography does not seem to play an impor
tant role in the coastal area near the Herschel Basin (Fig. 2b). The in
fluence of the plume at such a distance from the river mouth appears to 
be more determined by wind strength and direction and sea-ice than by 
freshet and summer mean discharge. However, nearby tributaries and 
small rivers result in freshwater and organic matter inputs that may be 
important locally (Fig. 2b; Coch et al., 2018). 

Although most ecological indicators and environmental parameters 
point to enhanced freshwater in the Herschel Basin during the last two 
decades, higher δ18O values are recorded after 2000 (Fig. 3m), which is 
somewhat counterintuitive (Lansard et al., 2012). The benthic δ18O re
cord could reflect a shallower halocline as recently identified in the 
Canada Basin (Rosenblum et al., 2022). However, during the seasonal 
sea-ice growth, 18O-depleted brines are released and sink to the sea 
floor, whereas during summer, sea-ice melting releases positive δ18O 
and low-salinity meltwater into the surface water layer (Ravelo and 
Hillaire-Marcel, 2007). As these processes blur the current δ18O-salinity 
relationship, an unequivocal interpretation of the shift in δ18O-values 
seems difficult to resolve here given the combination of changes in the 
sea ice regime, halocline depth, and continental runoff. Nevertheless, 
the negative δ18O values after 2006 suggest higher variability in the 
parameters governing the isotopic composition of benthic foraminifera 
(Fig. 3m). 

4.3.2. Food sources and turbidity 
After 1998, strong easterly winds and more frequent storms (Fig. 3e 

and f) favored the mixing and upwelling of nutrient-rich subsurface 
Pacific waters (Pickart, 2004; Pickart et al., 2011), thus increasing the 
regional primary productivity (Tremblay et al., 2011). Enhanced food 
supply might be the reason for the increased abundance of Eoeponidella 
pulchella dated around 1994 ± 5 years (Fig. 3p; Table 1). A slight in
crease in δ15N and δ13Corg, and a lower C/N around 2010 (Fig. 3g and h) 
may also indicate enhanced export of fresh marine algae (Magen et al., 
2010). Alternatively, the concomitant increase of T. fimbriata (Fig. 3n, 
black shaded area), Quinqueloculina stalkeri, Textularia earlandi and 
Stetsonia horvathi abundances after ~1998 (Fig. 2a; Table 1) suggests 
that the additional supply of degraded organic matter is mainly from 
terrestrial sources, which can sustain nearshore marine food webs 
(Terhaar et al., 2021). Terrestrial organic matter could originate from 
the Mackenzie River plume (Magen et al., 2010) pushed by the strong 
easterly winds (Fig. 3e and f) or from the Firth River and other local river 
systems (Fig. 2b; section 4.1). It may also originate from permafrost 
degradation and coastal erosion (Jong et al., 2020) as sediment dispersal 
around Herschel Island is favored under easterly winds (Klein et al., 
2019). 

The intensified oxygen consumption associated with microbial 
degradation of organic matter (Mol et al., 2018) may explain the low 

abundances of ostracods after ~1998 (Fig. 3n, gray shaded area) as they 
are sensitive to hypoxia (e.g., Ruiz et al., 2005; Stepanova et al., 2019). 
Moreover, T. fimbriata inhabits environments near river mouths 
(Table 1), where degradation of organic matter is important. Hence, the 
inverse relationship between T. fimbriata and ostracod abundances in 
the sediment (Fig. 3n) could be explained by the increased input of 
organic matter leading to oxygen consumption. 

After 2006, when sea-ice concentration was particularly low 
(Fig. 3d), the increased vulnerability of cliffs and permafrost-based 
coastlines to wave action may have led to maximal coastal erosion 
rates (Overeem et al., 2011; Irrgang et al., 2018). The subsequent large 
supply of terrestrial matter may account for increased TOC accumula
tion, well-reflected in the 13C-depleted TOC and the higher C/N values 
(Magen et al., 2010; Grotheer et al., 2020; Jong et al., 2020), and 
increased accumulation rates, which are all recorded in the recent years 
(Fig. 3h, i, j). Enhanced supply of terrestrial matter may also account for 
the lower δ13C-values in Elphidium clavatum (Fig. 3l, gray), which can be 
indicative of enhanced respiration of 13C depleted organic matter (cf. 
Ravelo and Hillaire-Marcel, 2007; Mol et al., 2018). Furthermore, 
terrestrial matter could result from the strengthened vertical mixing and 
bottom currents under more frequent ice-free conditions (Rainville and 
Woodgate, 2009) that cause the resuspension of fine particles and 
reworking (Hill and Nadeau, 1989; Jong et al., 2020), which is docu
mented by the relative enrichment in sand content (Fig. 3d, k). The 
parallel increase of sand and TOC might illustrate alternating episodes of 
accumulation vs. reworking (Jong et al., 2020), which add to unstable 
conditions in the nearshore marine habitat. A coarser sediment substrate 
can also account for changes in the benthic microfaunal assemblages 
(Polyak et al., 2002; Gemery et al., 2021; Falardeau et al., 2023a). 

While the species diversity of foraminifera did not vary significantly 
over the last decades, the most notable impact of the recent climate 
change in the benthic foraminiferal community is recorded through a 
change in the proportions of accompanied species (Fig. 2a; Falardeau 
et al., 2023a). More importantly, the rate at which the assemblages 
changed since the late 1990s is unprecedented over the last millennia 
(Falardeau et al., 2023b). Additionally, the increase in sand content, 
which results from intense and frequent vertical mixing due to strong 
winds, is associated with lower benthic foraminiferal abundances, 
especially the agglutinated ones (Fig. 3k, o, gray line). A dilution of the 
microfossil content by detrital input cannot be discarded, but should be 
minimized by using microfaunal fluxes. Moreover, since the preserva
tion of the microfossils is good throughout the HBGC01 sediment core, 
their decreased abundance likely relates to reduced productivity of 
agglutinated foraminifera (Falardeau et al., 2023a). 

5. Conclusions 

At the onset of the 21st century, the coastal area of the southern 
Canadian Beaufort Sea was marked by the intensification of mean 
summer easterly wind speed and storm frequency accompanied by 
reduced summer sea-ice cover concentration and a longer open water 
season. Accordingly, the beginning of the 21st century also corresponds 
to a strong anticyclonic regime in the Arctic Ocean (AOO+), which 
favored easterly winds, and dominantly negative PDO, leading to 
reduced sea-ice cover and contributing to the advection of warm Pacific 
air in the western Arctic Ocean. Such environmental conditions were 
marked by a significant shift in the coastal benthic habitats as docu
mented by the microfossil assemblages, geochemical tracers, and lith
ological indices. 

After ~1994, the ecological indicators suggest more turbulent bot
tom water conditions with enhanced freshwaters leading to variable 
salinities in the coastal environment, most probably related to more 
intensive vertical mixing of the upper freshwater layer due to longer ice- 
free seasons and stronger winds. This phenomenon probably intensified 
during the last decade when particularly low sea-ice concentration led to 
increased sediment reworking and resuspension. In addition, the coastal 
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Beaufort Sea was probably marked by an enhanced supply of terrestrial 
organic matter. Part of the terrestrial inputs may have been carried by 
the Mackenzie River plume, which also plays a role in freshwater fluxes, 
and from resuspension and erosion of the nearby coasts, both occurring 
under strong easterly winds. 

The impacts of the environmental shift are mainly recorded in the 
proportions of many benthic foraminiferal species in the assemblages. 
The rapid rate at which these assemblages changed, unprecedented on 
the time scale of centuries, emphasizes the importance to continue the 
monitoring of the benthic microfauna in the forthcoming years. More
over, increased terrestrial input probably led to enhanced microbial 
degradation of organic matter. This process contributes to oxygen con
sumption, which may have negatively affected animals such as ostra
cods, and extend to other benthic organisms. Furthermore, the organic 
matter is mainly transported within particulate-rich waters. High 
turbidity can affect light penetration and raises concerns about the po
tential of primary producers to achieve photosynthetic activity, with 
consequences for primary consumers and higher trophic levels of the 
marine food web. 
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