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Abstract Low-lying Arctic coastal environments
are threatened by marine storm surges, which are
predicted to increase in frequency and intensity as a
result of decreasing sea ice, rising sea levels and
altered intensity and frequency of storm activity. The
Mackenzie Delta of Canada’s Northwest Territories, a
vast, low-lying wetland ecosystem, is particularly
susceptible to such storm surges, because much of the
outer alluvial plain is below 2-m elevation. A large
storm-surge event in September 1999 flooded
>13,000 ha of alluvial terrain and impacted the
terrestrial and freshwater ecosystems of the region.
Previous research on the limnological impacts of the
storm surge recorded a shift from freshwater to
brackish diatom taxa, and a change in cladoceran
assemblages to more saline-tolerant species. We
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examined the remains of Chironomidae (Insecta,
Diptera) in sediment cores from two lakes impacted
by the 1999 saltwater inundation to determine whether
the storm surge also affected benthic macroinverte-
brate communities, which are particularly important to
lake ecosystem function in Arctic regions. We
observed an increase in the relative abundance of
saline-tolerant taxa in the two impacted lakes, includ-
ing Paratanytarsus and Cricotopus/Orthocladius, and
decreases in saline-intolerant Sergentia and Coryno-
cera oliveri-type, coincident with the 1999 storm. We
observed no major assemblage changes after 1999 in a
control lake located beyond the zone of inundation.
The number of head capsules recovered from sedi-
ments of the impacted lakes increased after the 1999
storm, suggesting no negative impact on overall
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chironomid abundance as a result of the shift to
brackish conditions. There has, however, been no
recovery of the chironomid community to the pre-
1999 composition. Earlier assemblage changes in both
impacted lakes likely tracked regional climate warm-
ing in the region, known to have begun in the late
nineteenth century.

Keywords Chironomidae - Mackenzie Delta -
Saltwater intrusion - Storm surge - Climate change -
Sea ice

Introduction

Global climate change will impact low-lying coastal
ecosystems through sea-level rise and intensified
storm activity (Church et al. 2013). In the circumpolar
Arctic, decreased sea-ice extent further exacerbates
the risk of storm surge impacts (Pisaric et al. 2011;
Kokelj et al. 2012; Vermaire et al. 2013). The potential
for inundation of low-lying Arctic environments is
increased by the longer duration and extent of open-
water periods from sea ice loss (Serreze et al. 2007),
resulting in greater fetch and wave action (Lintern
et al. 2011; Overeem et al. 2011). The potential for
storm surge impacts is compounded by rising sea
levels (Nicholls and Cazenave 2010) and more
frequent and intense Arctic storms (Comiso 2006;
Comiso et al. 2008; Sepp and Jaagus 2011). Of
particular note is the increase in the strength of late-
season storms related to decreasing sea ice (Simmonds
and Keay 2009).

The Mackenzie Delta region (NT, Canada) is the
world’s second largest Arctic delta ecosystem, and a
wetland of global significance (Burn and Kokelj
2009). The low-lying outer Mackenzie Delta alluvial
plain, much of which is <2 m above mean sea level,
makes this lake-rich, freshwater environment partic-
ularly susceptible to the impacts of storm surges
(Rampton 1988). A large storm surge in September
1999 was among the most intense on record (Manson
and Solomon 2007), resulting in the highest water
level ever recorded at the delta front (Kokelj et al.
2012). The storm surge and associated saltwater
inundation resulted in severe impacts to at least
13,000 ha of alluvial vegetation, flooding the majority
of the landscape within 20-30 km of the coast (Pisaric
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et al. 2011; Kokelj et al. 2012). The recent increase in
the frequency of storm surges that impact the outer
Mackenzie Delta region has been shown to be strongly
linked to changes in sea ice and climate (Vermaire
et al. 2013). Aquatic ecosystems across the outer delta
were impacted (Thienpont et al. 2012), with both
diatom (Pisaric et al. 2011; Thienpont et al. 2012) and
cladoceran communities (Deasley et al. 2012) exhib-
iting shifts to those tolerant of brackish conditions.
These changes were inferred to have been unmatched
in the recent past, and in at least one location,
unprecedented in the history of the lake. To date,
little or no chemical or biological recovery has been
documented in affected lakes of the region (Thienpont
et al. 2012).

The dipteran family Chironomidae is one of the
most widely distributed and abundant groups of
insects in freshwater ecosystems, particularly in Arctic
regions (Armitage et al. 1995; Bennike et al. 2004).
The capacity for different Chironomidae taxa to thrive
across a wide range of limnological gradients related
to pH, water depth, dissolved oxygen concentration,
temperature and salinity, enables species to occupy the
vast majority of aquatic environments (Porinchu and
MacDonald 2003). The impact of the intense 1999
storm surge on the chironomid communities in the
Mackenzie Delta region had not been investigated,
which represented a gap in our understanding of the
response of biota in these ecosystems to saltwater
inundation. Because there is little to no limnological
monitoring of lakes on the outer Mackenzie Delta
alluvial plain, lake sediment records, as utilized in
previous studies (Pisaric et al. 2011; Deasley et al.
2012; Thienpont et al. 2012; Vermaire et al. 2013), are
necessary to infer changes that occurred as a conse-
quence of the storm surge event. Chironomid assem-
blages in lake sediment have been used widely to infer
salinity changes in both inland (Walker et al. 1995;
Eggermont et al. 2006) and coastal regions (Hofmann
1987, Dickson et al. 2014), but had hitherto not been
used to reconstruct past marine flooding frequency in
high-latitude regions.

The objectives of this study were to: (1) determine
the ecological impact of the 1999 storm surge on the
chironomid assemblages in three freshwater lakes of
the outer Mackenzie Delta, two of which were subject
to saltwater intrusion, and one of which served as an
unaffected control site. In particular, we examined
whether chironomid taxa were lost from these lakes or
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Fig. 1 Map of the outer Mackenzie Delta. Insets show the details of the three study lakes

if community composition changed as a result of the
rapid shift from freshwater to brackish conditions.
Second, using paleolimnological approaches, we
assessed the resilience of individual chironomid taxa
to large, sudden increases in lakewater conductivity,
and thereby increased our understanding of chirono-
mid salinity tolerance in coastal Arctic lakes that are
vulnerable to marine storm surges. Third, we com-
pared the changes in the chironomid community to
those described previously for diatom and cladoceran
assemblages in the same sediment cores, to provide a
holistic view of biotic change. Given the transient and
sensitive nature of delta ecosystems, coupled with
changes associated with recent climate warming
(Smol and Douglas 2007), saltwater intrusions are
likely to have increasingly important ecological
impacts on these Arctic systems in the future (Marsh
and Schmidt 1993; Kokelj et al. 2012).

Site description

The Mackenzie Delta is comprised of alluvial sedi-
ments deposited by the Mackenzie and Peel rivers
(Rampton 1988). The outer Delta is a productive
alluvial ecosystem that extends approximately 250 km

northward from its apex at Point Separation to the
Beaufort Sea coast (Fig. 1). The Mackenzie Delta
contains approximately 20,000 lakes of different sizes
and spans an area of approximately 13,000 km?
making it the largest cold-region delta in North
America (Marsh and Schmidt 1993; Burn and Kokelj
2009; Goulding et al. 2009). The delta includes
traditional lands of the Inuvialuit and Gwich’in, who
rely on subsistence resources from the region. Topo-
graphic relief throughout the delta is low and surfaces
within 10-20 km of the coast are <l m above sea
level. The low relief that characterises the outer
Mackenzie Delta makes the region highly susceptible
to storm surges (Cahoon 2006).

Vegetation in the outer Mackenzie Delta is dom-
inated by willow (Salix spp.) and alder (Alnus spp.),
which grow on aggrading point bars. Sedges (Cyper-
aceae) and mosses dominate the poorly drained
wetlands (Mackay 1963; Kokelj et al. 2012). The
climate is characterized by cold winters that last up to
8 months, and short, cool summers (Burn and Kokelj
2009). Mean annual air temperature and total precip-
itation at Tuktoyaktuk, the nearest climate station,
which is 120 km east of our study sites and has
operated since 1948, are —9.8 °C and 151 mm,
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respectively (Burn and Kokelj 2009). Average sum-
mer air temperature for 2011, the most recent record
available, was 9.6 °C.

Lake selection was accomplished using a combina-
tion of satellite and ground observations. DZO-29
(unofficial name; 69°09'20.5”"N, 135°56'52.1"W) is a
small (~ 3.5 ha), moderately shallow (z,,.,x = ~4.1 m)
lake with a circular shape (Fig. 1). DZO-30 (unofficial
name; 69°09’ 12.5”N, 135°57’ 02.0"W) has a larger
surface area (~ 8.7 ha), is more elongate and shal-
lower (Zgnax = ~1.8 m). These lakes are located
close to each other (Fig. 1), approximately 7 km
from the present-day coastline and within the 1999
surge-affected area. Lake C-27 (unofficial name;
69°06'41.64"N, 135°18'15.12"W) is a larger (~258 ha)
lake with a maximum depth of ~3 m, located approx-
imately 28 km inland, and beyond the area impacted by
the 1999 storm surge (Kokelj et al. 2012). C-27 served
as the control site for this study. Specific conductance
in the impacted lakes remains elevated (DZO-29:
12,722 pS cm™~!, DZ0-30: 6,855 TN cm_l) compared
to the value in the more distant control lake (C27: 217
uS cm™'). Complete contemporary (2009) water
chemistry data are presented in Thienpont et al. (2012).

Materials and methods
Sediment coring and radiometric dating

Sediment cores were collected from Lake C-27 in
August 2009, and from Lakes DZ0O-29 and DZO-30 in
July 2010, using a 7.6-cm diameter Glew-type gravity
corer (Glew 1989). Cores from each lake were
sectioned at 0.25-cm intervals for the top 5 cm of
the core, and 0.5-cm intervals for the remainder of the
core using a Glew (1988) vertical extruding device,
and samples were stored at <4 °C prior to analysis.
Select sediment intervals from the C-27 and DZO-30
lake cores were 2'°Pb-dated by alpha spectroscopy at
MyCore Scientific Inc. (Deep River, ON, Canada). For
Lake DZO-30, the constant rate of supply (CRS)
model was used for sediment age determination
(Appleby and Oldfield 1978). Because of the small
amount of sediment from DZO-29 that remained
following chironomid and other analyses, there was
insufficient material for radiometric sediment age
determination.
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Laboratory and statistical analyses

Sediments were prepared for chironomid analysis
using standard procedures (Walker 2001). Samples
were gently washed in warm (~ 30 °C) 5 % KOH for
approximately 30 min, then sieved through an 80-um
mesh. For each interval, approximately 50 head
capsules (Quinlan and Smol 2001) were picked from
the processed sediment using a Bogorov counting
chamber, and mounted on microscope slides using
Permount™. The amount of wet sediment required to
obtain the minimum number (50) of chironomid head
capsules recommended for robust statistical analyses
(Quinlan and Smol 2001) ranged from 1.0 to 5.0 g.
Because of limited sediment availability and low head
capsule counts in selected intervals from all three
cores, some adjacent 0.25-cm intervals were com-
bined into 0.5-cm intervals. This ensured that all
depths in the cores were analyzed throughout and that
each interval contained as close to 50 head capsules as
possible, while still maintaining reasonably high
temporal resolution for analysis. Chironomids were
identified to the lowest possible taxomomic level
based on head capsule features at 200—400x magni-
fication, using a Nikon Eclipse 80i light microscope
and standard texts (Oliver and Roussel 1983; Brooks
et al. 2007). Given the abundance of broken, partially
missing or disintegrated head capsules, identification
in most cases could only be made to the genus level.

Relative abundances of each taxon were deter-
mined for each sediment interval. Additionally, the
total number of chironomid head capsules per gram
dry sediment was calculated to estimate changes in
chironomid density throughout the sediment cores.
Relative abundance diagrams were prepared for each
core (taxa >5 % relative abundance) using the com-
puter program TGView v2.0.2 (Grimm 2011), with
taxa ordered from lowest to highest salinity tolerances,
based on Walker et al. (1995). Constrained incremen-
tal sum of squares (CONISS) cluster analyses (Grimm
1987), based on the complete chironomid datasets for
each lake, are included on each stratigraphic plot.
Significant biostratigraphic zones were determined by
comparison to a broken stick model (Bennett 1996)
using the vegan (Oksanen et al. 2010) and rioja
(Juggins 2009) packages for the R software environ-
ment (R Development Core Team 2011). Detrended
correspondence analysis (DCA) was conducted using
vegan for R on the complete assemblage data for the
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three study lakes in order to track changes in DCA
axes 1 and 2 over time. In addition, DCA axis 1 scores
were determined in the storm surge-impacted lakes for
which sediment core dates were available, applied to
the chironomids presented here from DZO-30, as well
as to the Cladocera from DZO-29 (Deasley et al. 2012)
and diatoms from DZ0O-29 and -30 (Thienpont et al.
2012). Detrended canonical correspondence analysis
(DCCA), the direct form of DCA, with species
assemblage changes constrained to sediment age as
the sole environmental variable, were conducted to
estimate biological community turnover for each
taxonomic group. Only indicators from inundation-
impacted lakes that had dating controls were included
in this analysis. This technique was used in previous
paleolimnological studies in Arctic regions to assess
quantitatively the response of biological indicators to
stressors, including climate warming and permafrost
thaw (Smol et al. 2005; Thienpont et al. 2013).

Results

A total of 19 chironomid taxa were recovered from the
three sediment cores analyzed in this study. In DZO-30,
the earliest significant change in the chironomid
assemblage occurred at a core depth of approximately
15 cm (Fig. 2). Below a core depth of ~15 cm, the
chironomid assemblage was dominated by Cricotopus/
Orthocladius van der Wulp (with relative abundances
ranging from 20 to 50 %) and Chironomus Meigen
(~20 % of identified head capsules) (Fig. 2). Cricoto-
pus/Orthocladius relative abundance decreased steadily
from the bottom of the sediment core to 15 cm.
Tanytarsus van der Wulp and Psectrocladius Kieffer
were also common below 15 c¢cm, with relative abun-
dances ranging from 10 to 20 % (Fig. 2). Other taxa,
including Corynocera oliveri-type Zetterstedt, Procla-
dius Skuse, Paratanytarsus Thienemann & Bause,
Pseudochironomini Malloch and Sergentia Kieffer,
were observed at low (<10 %) abundances in the early
partof the DZO-30record. Beginning at ~ 15 cmdepth,
the major change observed in the chironomid assem-
blage was an increase of C. oliveri-type, from ~ 10 to
>50 % abundance (Fig. 2). This directional increase,
beginning in the late nineteenth century, continued until
~4.0 cm, i.e. the late 1990s. During this period, C.
oliveri-type was the dominant taxon in the DZO-30
assemblage. Other taxa common in the assemblage

during this period include Tanytarsus (10-20 %),
Chironomus (10-25 %), Paratanytarsus (10-25 %),
Cricotopus/Orthocladius (10-20 %), and Sergentia
(<10 %) (Fig. 2). Remains of Procladius were not
found above 7 cm (~1975) in DZO-30. The most
significant change in the chironomid assemblage of
DZO0-30, as determined by CONISS compared with the
broken stick model, occurred at 3.5 cm, and was
characterized by a rapid decline in the abundance of
Sergentia and C. oliveri-type, coincident with increases
in  Paratanytarsus and  Cricotopus/Orthocladius
(Fig. 2). This assemblage change occurred ~ 1999,
coincident with the timing of the major storm surge. The
number of chironomid head capsules recovered after
~ 1999, i.e. above 3.5 cm, was greater than in the lower
portion of the sediment core, increasing from 500—1,000
to >1,000 head capsules g ' dry weight (Fig. 2).

The chironomid assemblage from nearby DZ0O-29
contained similar taxa, and experienced similar assem-
blage shifts as DZO-30 (Fig. 3). The sediment core from
DZO0O-29 was longer than the one from DZO-30, and
extended to 45 cm depth. From the base of the core to
~ 37 cm the assemblage was dominated by Cricotopus/
Orthocladius, Chironomus and Paratanytarsus, and
also included Sergentia, C. oliveri-type, Tanytarsus and
Chironomus anthracinus-type Zetterstedt (Fig. 3). At
approximately 37 cm, a large increase in Corynocera
oliveri-type occurred, coincident with a decrease in
Paratanytarsus and Cricotopus/Orthocladius. From 37
to ~9 cm, the relative abundance of C. oliveri-type
fluctuated, representing between 15 and 75 % (Fig. 3).
The most significant change in the DZO-29 assemblage
occurred between 9 and 4.25 cm, and was characterized
by a rapid decrease in C. oliveri-type and increase in
Paratanytarsus (Fig. 3). Ata core depth of 4.25 cm, the
chironomid assemblage recorded a rapid and dramatic
rise in the relative abundance of Cricotopus/Orthocla-
dius from <30 to >60 %, as well as an increase in
abundance of Tanytarsus (Fig. 3). Paratanytarsus
remained an important component of the assemblage
above 4.25 cm, though at slightly lower abundance than
between 9 and 4.25 cm. Above 4.25 cm, C. oliveri-type
was not observed in the sediments, and Sergentia was
found in only one interval at very low abundance. The
number of chironomid head capsules recovered from the
DZ0-29 sediment core was <1,000 head capsules g~
from the bottom of the core to ~4 cm, at which point an
abrupt increase to between 2,000 and 5,000 head
capsules g~ ' was recorded (Fig. 3).
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Fig. 2 Relative abundance diagram of the most common
(>5 %) chironomid taxa from impacted Lake DZO-30, scaled
by depth with 2'°Pb-derived sediment age included as a second
y-axis. The number of chironomid head capsules (per gram dry

The chironomid assemblage from control Lake
C-27 exhibited few directional changes during the
period represented by this relatively short (17 cm)
sediment core (~ 1895-2009). The assemblage was
composed primarily of Chironomus, Cricotopus/Or-
thocladius, Psectrocladius, and Paratanytarsus
(Fig. 4). Unlike DZO-29 and DZO-30, C. oliveri-type
was not an important component of the assemblage at
any point during the recent past. No significant
changes in the assemblage were inferred using the
CONISS cluster analysis, and no directional change
was observed corresponding to the 1999 storm surge,
~4.5 cm core depth (Fig. 4). The number of chiron-
omid head capsules recovered from the sediment core
from Lake C-27 was lower than DZ0O-29 or DZ0-30,
and remained <1,000 head capsules g~ throughout
the record (Fig. 4). A short-duration, relatively small
increase in head-capsule number was observed
between 6 and 3.5 cm (1990-2000), as well as in the
surface sediment (Fig. 4).
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sediment) recovered per interval is included as a line plot. A
constrained incremental sum of squares (CONISS) cluster
analysis dendrogram is included to illustrate biostratigraphic
zones

Analysis of the detrended correspondence analysis
(DCA) axes 1 and 2 site scores for each lake showed
that the chironomid assemblage from the impacted
lakes, DZ0O-29 and DZO-30, were markedly different
at the top of the sediment core when compared to the
bottom of the sediment core, whereas the assemblage
in control Lake C-27 did not exhibit any strong
directional changes over the recent past (Fig. 5). DCA
axis 1 site scores for the chironomid assemblage from
DZ0-30 (Fig. 2), the cladoceran assemblage from
nearby DZO-29 (Deasley et al. 2012), and the diatom
assemblages from both DZ0O-29 and DZO-30 (Thien-
pont et al. 2012) show the strongest directional
changes during the recent past, since 1999 or 2000
(Fig. 6). Species assemblage turnover (i.e. beta diver-
sity), estimated using detrended canonical correspon-
dence analysis, was highest for diatoms from DZO-29
(1.49 SD) and DZO-30 (1.21 SD), followed by
chironomids from DZ0-30 (0.47 SD) and cladocerans
from DZO-29 (0.31 SD).
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Discussion

Chironomid response to the 1999 storm surge
event

The chironomid assemblages from cores DZ0-30 and
DZ0-29 exhibit consistent and dramatic shifts, coin-
cident with the timing of the saltwater inundation
caused by the September 1999 storm surge (Kokelj
et al. 2012). The marked decrease in the relative
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abundances of Sergentia and Corynocera oliveri-type
head capsules and the dramatic increase in Cricotopus/
Orthocladius and Paratanytarsus abundances follow-
ing the 1999 surge indicate the storm surge had an
immediate ecological impact on chironomid commu-
nities in these lakes. Previous paleolimnological
studies showed Sergentia to be poorly represented in
higher-salinity lakes, and generally found in dilute
waters (0—100 mg L_l) (Walker et al. 1995). Thus,
decreased abundance of Sergentia in Lakes DZO-29
and DZO-30 after the 1999 storm surge (current
chloride concentrations of 5,030 and 2,530 mg L
respectively; Thienpont et al. 2012) is not surprising.
In both impacted lakes, the 1999 storm surge caused
large declines in the abundance of C. oliveri-type, a
taxon that had been increasing in abundance in both
lakes, the onset of which was dated to the late
nineteenth century in DZO-30. This taxon is also
common in ion-poor lakes in western Canada (Walker
et al. 1995), as well as the Hudson’s Bay Lowlands
(HBL; Dickson et al. 2014). These coincident
decreases illustrate the ecological impact the 1999
surge event had on saline-intolerant taxa in both lakes.

Following the rapid inundation with saline/brackish
water in September 1999, Paratanytarsus and Crico-
topus/Orthocladius, two cold-water taxa that include
species known to be tolerant of saline water (Walker
et al. 1995), became abundant in DZ0O-30 and DZO-
29, and both continue to be important components of
the chironomid assemblage in these lakes. This
assemblage shift from saline-intolerant to saline-
tolerant taxa corresponds directly to the increase in
brackish-water diatoms in DZO-30 (Thienpont et al.
2012), and closely matches the timing of the rapid
increase in brackish diatoms recorded in DZO-29,
which was analyzed in a different sediment core and
dated to exactly 1999 (Pisaric et al. 2011). Cricotopus/
Orthocladius has been shown to have variable salinity
optima in different regions, being observed in lower-
salinity ponds in the HBL (Dickson et al. 2014) than in
British Columbia (Walker et al. 1995). Dickson et al.
(2014) concluded that this taxon was likely capable of
tolerating a wide range of salinity conditions, and
presented findings that suggested a high median lethal
dose (LDs) for this group in response to salinity in a
laboratory setting. This variability likely reflects the
fact that different species within this group are found
in waters of varying salinities. This suggests the
salinity tolerances and taxa of Cricotopus/
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Orthocladius present in these lakes from the Macken-
zie Delta region, which could not be identified to the
species level, may be more aligned with saline-
tolerant species from the interior of western Canada
than the coastal HBL. Paratanytarsus increased in
relative abundance strongly coincident with the 1999
storm surge. Previous research has observed members
of the subtribe Tanytarsina, including Paratanytarsus,
across a very broad salinity range (0-15,000 mg L™;
Walker et al. 1995), again likely related to taxonomic
resolution. The increase in the relative abundance of
Paratanytarsus following the 1999 storm surge further
reinforces the designation of members of this genus as
saline-tolerant. In both DZO-29 and DZO-30, the
relative abundance of Chironomus and Tanytarsus
taxa, both identified as saline-tolerant (Walker et al.

1995), changed little as a consequence of the 1999
storm surge, suggesting these groups were able to
tolerate the influx of brackish water. The increases in
these taxa, combined with the limnological changes
inferred from other indicator taxa, reinforce the impact
the 1999 storm had on the biota of lakes in this region.

Previous paleolimnological research determined
that no biological recovery of the cladoceran
(Deasley et al. 2012) or diatom (Pisaric et al.
2011) assemblages in Lake DZO-29 occurred fol-
lowing the 1999 storm surge. This lack of recovery
in diatoms was documented across the outer delta
(Thienpont et al. 2012). Similar to diatoms, the
potential for re-colonization by saline-intolerant
taxa following chemical recovery is likely high for
chironomids, as winged chironomid adults are
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known to colonize new sites through both active and
passive dispersal (Armitage et al. 1995). As with the
other paleolimnological indicator taxa studied pre-
viously, however, we observed no major decreases
in saline-tolerant Paratanytarsus or Cricotopus/
Orthocladius in sediments that post-date 1999. This
suggests that little or no biological recovery from the
1999 saltwater inundation has occurred. Further-
more, no recovery in the relative abundance of the
saline-intolerant Sergentia or C. oliveri-type groups
has occurred. This corroborates the inferred lack of
chemical recovery based on the spatial analyses of
water chemistry variables across the outer delta
(Thienpont et al. 2012). Analysis of the assemblage
trajectory based on detrended correspondence ana-
lysis show that the complete assemblages of the two
impacted lakes are different in the most recent
sediment compared to pre-impact, bottom sediments
(Fig. 5). To date, no algal, zooplankton or benthic
invertebrate community studied in the impacted
lakes of the outer Mackenzie Delta has recovered
from the 1999 storm surge, despite more than a
decade during which no new major storm surge
events have been documented (Kokelj et al. 2012).
Saline conditions persist in these aquatic ecosystems
because of the high salt concentrations that remain
in the surrounding soils (Kokelj et al. 2012). These
salts are slow to be removed because of a frozen
active layer and persistent lake-ice cover during the
spring freshet, combined with limited summer
precipitation and poor drainage. This further illus-
trates the sensitivity of these coastal freshwater
ecosystems to episodic saltwater flooding.

In comparison to the impacted “DZO” lakes, we
recorded no significant shifts in the chironomid
assemblage of control Lake C-27 at any time in the
recent past, including in sediment layers that coincide
with the 1999 storm surge. This provides further
support, and confirms our remote sensing observa-
tions, that this site was not impacted by this recent
saltwater inundation event (Kokelj et al. 2012). We did
not observe a decrease in C. oliveri-type, which was
not an important component of the chironomid
assemblage, or Sergentia in Lake C-27 during the
period recorded by this relatively short sediment core.
In contrast to DZ0O-29 and DZO-30, Cricotopus/
Orthocladius decreased slightly in C-27 after 1999,
and there was no increase in the salt-tolerant taxon
Paratanytarsus.
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The number of chironomid head capsules recovered
from the sediment sections of the two impacted lakes
increased after the 1999 storm surge, suggesting that,
although the species assemblages in the lakes changed
because of the saltwater inundation, overall chirono-
mid production was not adversely affected by the
saltwater intrusion. These data suggest that chirono-
mids increased in number following the storm surge,
however concentration data must be interpreted cau-
tiously in paleolimnological studies and are prone to
many biases (Smol 2008). Whereas studies of the
biological response of freshwater ecosystems to rapid
flooding by seawater are limited, Clair and Paterson
(1976) found that the chironomid community was
temporarily extirpated from a small, shallow, eutro-
phic lake in New Brunswick, which was inundated by
seawater from an intense gale, though most taxa
recolonized the site following the return of freshwater
conditions, a process that has not yet occurred in the
outer Mackenzie Delta. The number of chironomid
head capsules recovered from C-27 was lower than in
the impacted lakes, and showed no major changes
throughout the recent past. One potential explanation
for the increase in chironomid numbers following
inundation may be that other benthic macroinverte-
brate groups with which the non-biting midges
compete for resources, were negatively affected by
the rapid influx of saline water, allowing the saline-
tolerant chironomid taxa to exploit resources under
decreased competition. Alternatively, it is possible the
storm surge resulted in increased nutrient levels in the
impacted lakes, which could have resulted in increased
primary, and thus secondary, production.

Climate-driven chironomid assemblage changes

Although the most significant chironomid changes in
both DZ0O-29 and DZO-30 occurred in the post-1999
sediments, both sediment cores record earlier assem-
blage shifts. One change recorded in the earlier part of
the records from both DZO-29 and DZO-30 was a
directional increase in Corynocera oliveri-type. This
increase occurred at ~ 15 cm in DZ0O-30, which was
dated to the late nineteenth century, which matches the
timing of diatom assemblage changes related to
increased periphytic community development (Thien-
pont et al. 2012). The increase in C. oliveri-type in
DZ0-29 first occurred at ~38 cm, was followed by a
rapid decline at ~26 cm, after which the relative
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abundance increased again from 26 to 9 cm. Previous
climate-based chironomid studies have suggested C.
oliveri-type has a temperature optimum of 12.3 °C,
compared with Cricotopus/Orthocladius and Parata-
nytarsus, with lower temperature optima of 11.1 °C
(Barley et al. 2006). The gradual replacement of the
cool-water taxa by C. oliveri-type in both DZ0O-29 and
DZO0-30 in the earlier part of these records could
potentially be tracking the gradual warming that has
occurred in the region over the last century (Porter
et al. 2009; Thienpont et al. 2013). These trends
suggest that regional temperature change may have
been one important driver of chironomid community
change prior to the 1999 storm surge. This conclusion,
though tentative as it is based on only two records, one
of which lacks robust chronological control, is
supported by diatom (Thienpont et al. 2012), cladoc-
eran (Deasley et al. 2012) and particle size data
(Vermaire et al. 2013). This suggests that limnological
responses to changing regional climate may have been
driving chironomid community composition until the
1999 surge, when changes in salinity became the
dominant control factor. The reason for the rapid
decline in C. oliveri-type in DZO-29 at 26 cm is
difficult to explain, particularly given the lack of
dating control for this core. This period can be
tentatively estimated to correspond to the 1700s—
1800s (Vermaire et al. 2013), a period of relatively
cool conditions in the Arctic (Kaufman et al. 2009).
The decrease in the relative abundance of C. oliveri-
type at ~26 cm, coincident with increases in taxa
with cooler temperature optima, may be related to
changing climate conditions in the region. Despite a
lack of dating control, the similarities in timing and
direction of chironomid assemblage changes in Lakes
DZ0-29 and DZO-30 suggest that similar environ-
mental drivers, including recent climate warming and
storm surge impacts, were responsible for the chiron-
omid community changes in both lakes before and
after the 1999 storm surge event.

Whole ecosystem biological changes following
the storm surge

This assessment of the Chironomidae complements
work utilizing other paleolimnological indicators and
provides strong evidence that broad-scale ecosystem
changes occurred in the freshwater systems of the
outer delta as a result of the 1999 storm surge. A

comparison of the impacts on chironomids, diatoms
and cladocerans, three groups commonly used as key
indicators of ecosystem health, shows the changes that
occurred coincident with the 1999 saltwater inunda-
tion were the most significant in the recent past
(Fig. 6). As expected, the magnitude of the response
varied among the three indicator groups (Fig. 6).
Diatoms exhibited the greatest assemblage changes, a
near replacement of freshwater taxa by brackish
species following the storm surge (Thienpont et al.
2012). This reflects the fact that diatoms show greater
taxonomic diversity and are likely directly impacted
by changing water chemistry, whereas higher trophic
levels may be responding indirectly, as has been
observed in other regions (Bigler et al. 2006). Among
the zoological indicators, chironomids show a stronger
response than Cladocera. Chironomid species exhibit
more discrete salinity tolerances in these lakes, and,
unlike the more subtle assemblage shifts observed for
the cladocerans (Deasley et al. 2012), a marked
chironomid assemblage turnover to saline-tolerant
species was observed. Furthermore, the response of
Cladocera to the storm surge was muted because of the
lack of taxonomic resolution among the Alona spp.,
which had to be grouped to the generic level (Deasley
et al. 2012). Despite the variable magnitude of
response, these paleolimnological analyses clearly
show the importance of marine storm surges as a
stressor on whole-lake biology in Arctic coastal
ecosystems.

Conclusions

Chironomid assemblages in sediment cores from two
lakes located in the outer Mackenzie Delta record
significant, synchronous increases in saline-tolerant
taxa, in particular Paratanytarsus and Cricotopus/
Orthocladius, coincident with the flooding of these
lakes by a large marine storm surge that impacted the
region in September 1999. Saline-intolerant, freshwa-
ter taxa, including Sergentia and Corynocera oliveri-
type, decreased in relative abundance following the
storm surge, and were clearly less competitive in the
brackish conditions following the inundation. No
similar changes were observed in a control lake
located further inland, beyond the extent of the storm
surge. The chironomid assemblage did not return to a
community resembling the pre-impact composition,
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providing evidence that these lakes have exhibited
little to no chemical or biological recovery more than a
decade after the 1999 event. This observation corrob-
orates similar conclusions reached in previous paleo-
limnological studies of diatom and cladoceran
assemblages from the same lakes. The number of
head capsules recovered from post-1999 sediment
sections was higher than in pre-impact deposits, which
contrasts with studies from other regions that showed
marine incursions resulted in temporary extirpation of
the invertebrate fauna. Prior to the 1999 storm surge,
subtle changes in chironomid assemblage structure
were potentially driven by regional climate warming,
and closely matched previous paleoclimate inferences
based on diatoms and spectral inferences of increasing
primary production. This research highlights the
ability of acute, localized stressors to alter the primary
driver of biotic assemblages influenced by regional
forcing mechanisms, such as climate warming.
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