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e University of Helsinki, Faculty of Biological and Environmental Sciences, Ecosystems and Environment Research Programme, Niemenkatu 73, FI-15140 Lahti, Finland 
f CNR-Water Research Institute (IRSA), Unit Verbania, Viale Tonolli 50, 28922 Verbania, Italy 
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A B S T R A C T   

Global sea level rise and increased storm activity triggered by climate change pose a serious threat to low-lying 
Arctic coastal landscapes, which commonly host numerous freshwater lakes. Marine inundation of these eco-
systems would result in significant ecological changes. We elucidated effects of changing levels of marine in-
fluence to lake ecosystems by exploring the ontogeny of coastal Greiner Lake in Arctic Canada. Using 
paleolimnological methods on a sediment core, we explored functional assemblage compositions of aquatic biota 
(diatoms and chironomids), biomarkers (pigments and fatty acids) and geochemistry (stable isotopes and organic 
matter) throughout the isolation history of the lake. The biological and geological data collectively indicated a 
paleoenvironmental shift from marine embayment to brackish lagoon in the Late-Holocene and to a freshwater 
lake ca. 500 BP. We observed that the lake was most productive during a phase of mixed freshwater and marine 
influence, based on higher chlorophyll-a and β,β-carotene concentrations, omega-3 fatty acids (ω-3) as well as 
sediment organic content. We suggest that, in addition to reorganization of aquatic communities and altered 
ecosystem services provided by coastal lakes, coastal freshwaters may become more productive under increasing 
marine influence caused by climate change. Global sea level rise may thus trigger a new pathway to increasingly 
greener Arctic.   

1. Introduction 

The effects of climate change are particularly pronounced in north-
ern landscapes due to several positive feedback loops that cause 
ecological changes in both terrestrial and aquatic ecosystems, such as 
the northward expansion of the boreal forest biome, greening of the 
tundra and aquatic community shifts (Macias-Fauria et al., 2012; Pear-
son et al., 2013; Saulnier-Talbot et al., 2020; Settele et al., 2014). 
Increasing temperature and changing precipitation alter cryospheric 
processes, resulting in reduced lake ice cover extents, permafrost thaw 
and mass losses of glaciers and ice caps, among other effects. These 
changes in the physical landscape are causing perturbations that cascade 

to biological communities and further influence ecosystems’ capacity to 
provide services such as fisheries and habitat for mammals, and also 
alter the flow of organic carbon and other nutrients that support Arctic 
production across the terrestrial-freshwater-marine continuum (Wrona 
et al., 2016). The global effects of sea level rise derived from glacier ice 
loss (Meier et al., 2007; Moon et al., 2018) and heat expansion of the 
oceans (Zanna et al., 2018) have been the subject of much socio- 
economic discussion regarding the future of low-lying island and 
coastal communities. However, the potential effects of sea level rise on 
natural systems have received less attention. Arctic coastal landscapes 
often feature vast low-lying areas dotted by lakes and ponds that are 
culturally, economically and ecologically important (O’Garra, 2017). 
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The global mean sea level has been predicted to rise from 0.3 to over 1 m 
by the end of the 21st century depending on different warming scenarios 
(Horton et al., 2020), which could imply inundation of large land areas 
along Arctic coasts, with inevitable implications for the ecosystem 
(Smol, 2016). 

Coastal lakes are naturally coupled with the adjacent marine system 
through the hydrological cycle, landscape evolution and long-term 
coastline shift (Van Hove et al., 2006), as well as through anadromous 
fish and sea birds that bring marine material to the lakes. Examples of 
hydrological marine influence on coastal freshwaters include direct in-
vasion of seawater (e.g. changes in sea level, storm surges), diffusion 
through soil and bedrock, or atmospheric pathways such as marine 
aerosols. A well-studied example of marine inundation into an Arctic 
coastal landscape is from the Mackenzie Delta (Northwest Territories, 
Canada), where in 1999 increasing storm activity and reduction of sea 
ice attributed to climate change caused a storm surge (Smol, 2016). The 
resulting saltwater intrusion produced unprecedented ecological 
changes in numerous small freshwater lakes, as reflected by community 
change of diatom algae (Pisaric et al., 2011; Thienpont et al., 2012), 
cladoceran crustaceans (Deasley et al., 2012) and Chironomidae 
(Thienpont et al., 2015), as well as in terrestrial ecosystems where high 
mortality of shrubs occurred (Pisaric et al., 2011). No recovery from the 
saltwater intrusion was observed more than a decade later (Thienpont 
et al., 2015), indicating that even sporadic marine influence may have 
long-lasting consequences. While such seawater intrusion events can 
have catastrophic effects on coastal ecosystems, marine influence is also 
suggested to stimulate the productivity of coastal lakes (Luoto et al., 
2017; Tully et al., 2019). In transitional environments mixing marine 
and fresh waters the chemical interaction of freshwater nutrients and 
marine ions can for example alter nutrient limitation (Blomqvist et al., 
2004; Howarth and Marino, 2006). In addition, productivity-stimulating 
marine influence occurs in Arctic freshwaters through biovector trans-
port, such as sea bird populations that deposit marine nutrients and 
contaminants around their resting and nesting sites, increasing primary 
productivity and contaminant concentrations in these systems (Blais 
et al., 2007; Clyde et al., 2021; Mariash et al., 2018; Michelutti et al., 
2009). While most Arctic lakes are oligotrophic to ultra-oligotrophic, 
naturally eutrophic sites without direct human or biovector impact 
have also been documented (Ayala-Borda et al., 2021), which further 
highlights that Arctic aquatic ecosystems are sensitive and their 

communities can respond to even minor nutrient inputs. 
In this study, we examined ontogenetic phases of coastal Greiner 

Lake (Cambridge Bay, NU) in relation to the long-term interaction be-
tween the freshwater and marine environments. We combined stable 
isotope, photosynthetic pigment and fatty acid analyses with paleo-
ecological data from subfossil diatoms and chironomids to address the 
overarching question of how Arctic freshwater ecosystems may respond 
to marine influence. We hypothesized that mixed freshwater and sea- 
water input may have resulted in altered functionality of the lake’s 
algal and macrobenthic communities and higher ecosystem productivity 
due to nutrient enrichment and/or altered availability. Given that most 
coastal Arctic lakes lie in low-elevation landscapes, the question of how 
increasing sea level rise will continue to affect northern fresh-waters is 
particularly relevant. By projecting the landscape evolution detected 
from the ontogeny of Greiner Lake to the future, we postulate that in 
addition to other major ecological shifts, increasing marine influence 
may boost the productivity of coastal Arctic freshwaters, setting them on 
a trajectory towards increasingly greener Arctic. 

2. Materials and methods 

2.1. Study site 

Greiner Lake (69◦ 12′ N, 104◦ 44′ W) is a large freshwater body near 
Cambridge Bay on Victoria Island, Nunavut (Fig. 1). The 47 km2 lake has 
a shallow single basin, with average depth of 3–5 m and maximum depth 
of ca. 12 m. The central deep section covers a small area, whereas most 
of the lake is relatively shallow. 39 % of the lake is less than 2 m deep 
and most of it is less than 7 m deep. A detailed bathymetry is available in 
Grosbois et al. (in press). At present, this oligotrophic clear water lake is 
located ca. 8 m above sea level. During winter, the lake is covered by 
approximately 2 m of ice and the open water period is short (approxi-
mately 2 months between early July and mid-September). The lake is 
monomictic and maximum epilimnetic temperatures in August reach 
approximately 10 ◦C. The lake is hydrologically connected to the sea by 
an outflow stream (distance ca. 4 km) and is known to hold a large 
population of anadromous Arctic char (Salvelinus alpinus) as well as 
resident lake whitefish (Coregonus clupeaformis) and lake trout (Salveli-
nus namaycush) (Grosbois et al., in press). Greiner Lake has a large 
catchment (1,580 km2) composing of Ordovician to Silurian limestone 

Coring site

Contour

Greiner lake watershed

Waterbody

Fig. 1. Map of the study area in Cambridge Bay. Location of Nunavut (in darker grey) and the study area (square) on southern Victoria Island in the Canadian Arctic 
are presented in the upper right panel. Greiner Lake is presented with coring location, surrounding topography and partial catchment area extending toward east. 
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and dolomite bedrock (Douglas, 1974) that is covered by lowland shrub 
tundra and in the present climatic conditions contains over 6000 lakes. 
These lakes drain through Greiner lake to the nearby Arctic Ocean, 
making Greiner lake a sentinel to the changes in the watershed as well as 
in the sea, which guided our lake selection. 

Considering the Quaternary history of the region, deglaciation of 
south-eastern Victoria Island occurred between 9 and 8.5 ka ago, and 
our study area on the southern coast remained inundated by the Arctic 
Ocean for the most of Holocene (Dyke, 2004). Evenly spaced paleo 
shorelines on the side of nearby Mount Pelly indicate a fairly uniform 
land uplift rate, which has been estimated to approximately 15 m in 
1000 years (Johnson, 1962). Paleolimnological Holocene records from 
Victoria Island are sparse, but indicate warmer conditions prior to 5 – 6 
ka and a long-term cooling trend over the past 5 ka (Fortin and Gajewski, 
2010; Peros and Gajewski, 2008). 

2.2. Sampling and chronological control 

A 29 cm sediment core was retrieved from the deep basin of Greiner 
Lake (water depth 9.5 m) in June 2015 with a gravity corer (Aquatic 
Research Instruments, Hope, Idaho, USA). The sediment-water interface 
was stabilized with sodium polyacrylate (Tomkins et al., 2008). To 
minimize pigment and fatty acid degradation by light and heat the core 
was wrapped in black plastic immediately after collection, stored 
refrigerated, and split and sectioned (0.5 cm intervals) in a dark room 
soon after retrieval. Once sectioned, samples were kept frozen at –20 ◦C 
for the first week and thereafter at –80 ◦C until analysis. 

For chronological control of the sediment material, radiometric 
methods were combined with regional geomorphological and historical 
information. One accelerator mass spectrometry (AMS) radiocarbon 
date (analyzed at Beta Analytic, Miami, USA) from a blue mussel frag-
ment at 10–11 cm depth yielded an age of 2250 ± 270 Cal BP (2σ) after 
marine reservoir correction (δ13C = –1.1 ‰, ΔR = 343 ± 104). To assess 
potential contamination from catchment carbonates, we determined the 
radiocarbon (AMS) age of modern zooplankton (collected in April 2018) 
to be 195 ± 30 years cal BP (2σ), equal to ca. 1750C.E. (prepared at the 
Centre for Northern Studies Radiochronology laboratory at Université 
Laval and analyzed at the University of California Irvine’s Keck Labo-
ratory). Applying this factor to the radiocarbon age at 10–11 cm pro-
duces a corrected age of 2050 cal BP, although we acknowledge that 
contamination from old carbon may not be constant through time. In 
addition, the topmost 5 cm of the core was analyzed for 210Pb and 137Cs 
at Paleoecological Environmental Assessment and Research Laboratory 
(PEARL), Queen’s University, but the activities were too low (210Pb 
16–23 Bq kg− 1, 214Pb 27–32 Bq kg− 1) for age estimations. No 137Cs peak 
was detected. Based on 210Pb chronologies from sediment cores of two 
small lakes in the surroundings of Greiner Lake, the regional sedimen-
tation rate was on average 0.006–0.028 g/cm2y (unpublished data), 
which although not directly transferable to Greiner due to differences in 
lake size, hydrological connectivity and flushing rates, gives an 
approximate estimation of the regional sedimentation rate. In addition, 
evenly spaced paleoshorelines containing marine shells have been 
recorded from nearby Mount Pelly up to an altitude of 153 m, indicating 
former marine inundation over the area followed by a relatively uniform 
rate of isostatic rebound (Johnson, 1962). An uplift rate of 1.16–1.96 m 
per 100 years was estimated for Cambridge Bay harbor based on a 
survey of the depth of a marine shoal, and another estimation in good 
agreement (ca. 15 m in the last 1000 years) was based on Thule remains 
originally located on the sea shore (Johnson, 1962). According to these 
estimates, Greiner Lake (8 m a.s.l.) would thus have been isolated from 
the ocean approximately 500 years ago. 

2.3. Sediment geochemistry and magnetic susceptibility 

Isotopic (δ13COM and δ15N) and elemental (% Corg, % Ntot) analyses of 
sediment organic matter were performed on freeze-dried subsamples. To 

remove inorganic carbonates prior to analysis, the carbon samples were 
exposed to HCl fumigation (Ramnarine et al., 2011; Wotherspoon et al., 
2015) for 72 h and thereafter oven-dried at 105 ◦C. Two sequences were 
prepared, one from the acid-exposed samples and one from the un-
treated sediment. Homogenized sediment (10–15 mg) was weighed into 
tin capsules, stored in a desiccator, and analyzed with a Thermo Fin-
nigan DELTA plus advantage mass spectrometer (Thermo Electron 
Corporation, Waltham, MA, USA) combined with FlashEA 1112 
elemental analyser at University of Jyväskylä, Finland. The isotope re-
lationships are expressed in the delta notation δsample/standard = Rsample/ 
Rstandard − 1, where R equals 13C/12C or 15N/14N. Carbon was stand-
ardised to VPDB and nitrogen to atmospheric concentration. C/N mass 
ratios were calculated from the % Corg and % Ntot. Magnetic suscepti-
bility was measured from homogenized fresh samples with a Bartington 
MS2E1 surface-scanning sensor. 

2.4. Pigment and fatty acid analyses 

Sedimentary pigments were analyzed with high-performance liquid- 
chromatography (HPLC). Sediment subsamples were freeze dried 
(0.1–0.5 mg dry weight (DW)) and combined with 2 ml of acetone 
(100%), sonicated for 1 min, sealed with argon and left to extract for 24 
h at –20 ◦C. Extracts were centrifuged (4150 rpm for 15 min at 4 ◦C) and 
filtered into HPLC vials through 0.2 μm PTFE filters. 50 μl of each sample 
was injected to a reverse-phase Accela 600 HPLC system (Thermo Sci-
entific, Waltham, Massachusetts, USA). The system was equipped with a 
Hypersil Gold C8 column, a photodiode array (PDA) and a fluorescence 
detector. The eluent protocol followed Zapata et al. (2000) and sample 
run time was 45 min. Pigments were identified according to spectra from 
standards and the literature (Jeffrey et al., 1997). The resulting pigment 
concentrations were normalized to % Corg. 

Fatty acids were extracted from freeze-dried material (500–1000 mg 
DW) and methylated according to a method developed in our laboratory 
at UQAC. All solvents used were HPLC grade to prevent contamination. 
First, a mixture of methanol/toluene and acetyl chloride (4/1 /0.125) 
was added to the freeze-dried sediment samples (0.4–1.2 mg) with in-
ternal standard (nonadecanoic acid, CAS # 646–30-0). After centrifu-
gation, the samples were incubated at 90 ◦C for 20 min. Trans-esterified 
fatty acids were extracted with hexane and submitted to gas 
chromatography-mass spectrometry (GC–MS) identification and quan-
tification using calibration curves. An Agilent 7890 A chromatograph 
(Agilent Technologies, Santa Clara, CA) with an Agilent 5975C mass 
spectrometer with a triple-axis detector and an Agilent J&W DB-23 
column (60 m length, 0.25 mm inner diameter, 0.15 μm film thick-
ness) was used for the measures. The resulting fatty acid methyl ester 
(FAME) concentrations were normalized to % Corg. 

2.5. Biostratigraphy 

Diatom samples were prepared following standard procedures (Bat-
tarbee et al., 2001), first removing organic matter with 30% hydrogen 
peroxide solution followed by treatment with 10% hydrochloric acid to 
remove carbonates. The samples were repeatedly rinsed with deionized 
water until neutral pH was reached, checking regularly for the absence 
of diatom frustules in the supernatant. A small amount of the resulting 
diatom slurry was mounted on slides with Naphrax and taxa were 
identified under 1000x magnification. The nomenclature primarily fol-
lows Witkowski et al. (2000). Resting spores (Xanthiophyxis, from 
diatom Chaetoceros) and chrysophyte cysts were enumerated from the 
same samples and are expressed as percentage of total diatom count. 
Functional guilds were assigned to the identified diatoms mostly at the 
genus level, or in the absence of genus information at the order level, 
based on Rimet and Bouchez (2012). Chironomid analysis was based on 
standard methods (Brooks et al., 2007). Subsamples of fresh sediment 
were sieved (100 μm) under running water and chironomid remains 
were picked from the residue under a stereo microscope (25x) and 
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mounted on microscope slides with Euparal. Taxa were identified under 
a light microscope (100–400x) according to Brooks et al. (2007) and 
each taxon was assigned a functional feeding group (FFG) based on the 
literature (Mandaville, 2002; Merritt et al., 2008). 

2.6. Statistical analyses 

To explore the main gradients in our data, principal component 
analysis (PCA) was performed in R (R Core Team, 2020) for each group 
of analyzed variables: fatty acids, pigments, physico-chemical sediment 
composition (magnetic susceptibility, isotopic and elemental composi-
tion) and functional groups of both diatoms and chironomids. Hierar-
chical clustering (unweighted pair group method with arithmetic mean; 
UPGMA) with Bray-Curtis similarity was applied to the diatom guilds to 
identify functionally different phases within the core. Between the major 
unit divisions, we performed PERMANOVA (with 9999 permutations) 
on PC1 and PC2 scores to identify whether the units differed signifi-
cantly when variation in all available ecosystem components was 
considered. We also calculated Shannon diversity (H) to use as an index 
from both species and functional assemblages of diatoms. These analyses 
were performed with Past 4.02 (Hammer et al., 2001). 

3. Results 

3.1. 1. Lithostratigraphy, unit descriptions and chronology 

The sediment core was divided into three visually distinct lithos-
tratigraphic units, which were further confirmed by multiple proxy data 
(Fig. 2). The bottom section (15–29 cm, Unit 1) was composed of 
brownish grey, dense sediment with no distinct depositional structures. 
The middle section of the core (2–15 cm, Unit 2) featured dark, olive- 
brown to black laminated organic sediments. The laminae were 
thicker in the lower part (9–15 cm) of Unit 2 and thinner in the upper 
part (2–9 cm). In addition, the color at 3–5 cm was predominantly black. 
The top sequence (0–2 cm, Unit 3) was represented by a grey, clay-rich 
horizon that showed some thick, laminated structures. The surface was 
covered with loose, orange-brown microbial material, indicating that 
our core surface represents the current lake bottom. 

The biogeochemical and biological proxies suggest that the 
bottommost unit (Unit 1) is entirely marine, and a crude extrapolation 
from our single radiocarbon date suggests it is more than 2500 cal BP 
old. Unit 2 features brackish characteristics and likely dates between 
~500 and ~2500 cal BP. The lake was isolated (ca. 500 cal BP) at the 
end of Unit 2, and the top 2 cm (Unit 3) represents the fully freshwater 
phase of the lake. These coarse age estimates are based on the radio-
carbon date from a blue mussel at 10–11 cm (within Unit 2) and isola-
tion age (ca. 500 cal BP), which is estimated based on previously 
published land uplift rate (Johnson, 1962). However, while we 
acknowledge that the chronological control of the core is insufficient for 
constructing an age-depth model, we believe that the general concur-
rence of ages based on uplift rates and radiocarbon, as well as their 
coincidence with expected proxy shifts, suggest that our chronology is 
sufficient for estimating the crude timing of the phase shifts in the lake’s 
past. 

3.2. Physico-chemical sediment composition, pigment and fatty acid 
analyses 

Geochemical analyses revealed that organic content was low (Corg 
max. 2.4 % DW) throughout the core, with the highest organic content in 
Unit 2, between 15 and 2 cm (Fig. 2). The C/N mass ratio varied little, 
remaining at 8–9 throughout the core. Stable isotope signatures of car-
bon δ13COM (range from –24.4 to –18.9 ‰) and nitrogen δ15NOM (5.4 to 
8.7 ‰) featured an overall trend of gradual decrease towards the top of 
the core. Magnetic susceptibility ranged between 0 and 4.7SI 10-5, 
featuring elevated values at 7–8 cm depth and overall lower values at the 
top of the core. 

Sedimentary pigments were present in higher concentrations (up to 
16.5 mg g− 1 Corg) in the upper 15 cm of the core that represented the 
freshwater and brackish phases, and in lower concentrations in the 
lower half (max. 4.7 mg g− 1 Corg; Fig. 3) in the marine sediments. The 
highest concentrations were between 2 and 15 cm with prevalence of 
isorenieratene and bacteriochlorophyll-e (BChl-e), pigments produced 
by brown strains of photosynthetic green sulphur bacteria (Chlorobium). 
Stratigraphic trend of Chlorobium-pigments is presented as iso-
renieratene in Fig. 3, as it yielded a more reliable quantification than 

D
ep

th
 (c

m
)

‰ ‰% DW % DW mass ratio

C/N

SI 10^-5

δ15NOMCorg Ntot

Magnetic
susceptibilityLithology δ13COM

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

Unit 3

Unit 2

Unit 1

0.1 0.2 0.3 8.0 8.5 9.0 -25 -23 -21 -19 -17 5 6 7 8 9 0 1 2 3 4 51.0 1.5 2.0 2.5

Fig. 2. Sediment geochemical and physical profiles from Greiner Lake. Proxy observations are presented with smoothed trend lines (LOWESS, span 0.3), unit di-
visions and the core lithology. 
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BChl-e. At 1 cm, common carotenoids originating from phytoplankton 
and cyanobacteria peaked; however, their occurrence further down core 
may in some cases have been masked by co-elution with numerous ho-
mologues of BChl-e, potentially resulting in underestimation of common 
carotenoids during the 2–15 cm interval. 

Fatty acids were present throughout the core (16.8–40.0 µg g− 1 Corg) 
(Fig. 3) mostly composed of saturated fatty acids (SAFA, 29–79 %) and 
monounsaturated fatty acids (MUFA, 17–68 %) with smaller amounts of 
polyunsaturated fatty acids (PUFA, ≤ 2 %). Fatty acids of terrestrial 
origin (long-chain SAFA, 20–23 carbon atoms (Grosbois et al., 2017)) 
showed a clear increase of up to 5.6 % in the most recent sediments 
above 2 cm depth, i.e. during the freshwater phase (Unit 3). The pro-
portion of unconventional fatty acids (cyclic and bent), which can be 
used as biomarkers of heterotrophic bacteria (Grosbois et al., 2017), 
remained at a similar level throughout the core. ω-3 fatty acids, which 

primarily originate from phytoplankton (or phytobenthos), and the 
long-chain essential fatty acids (LCEFA), which are mainly produced by 
planktonic aquatic primary producers (Galloway and Winder, 2015), 
occurred primarily above 15 cm depth and were highest between 2 and 
15 cm. 

3.3. Biostratigraphical analyses and functional classification 

Chironomid fossils were present only in the uppermost two cm 
(Fig. 4) in low abundances (max. counting sum 50), apart from a single 
head capsule that was found at 3.5–4 cm. Despite the short sequence, the 
chironomid functional assemblage was relatively diverse, comprising 
three functional feeding groups (FFG) (Mandaville, 2002; Merritt et al., 
2008): collector-gatherers (c-g), collector-filterers (c-f) and shredders 
(shr). Among the most common functional groups, there was a 
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decreasing trend for c-f and an increasing trend for c-g towards the top of 
the core (Fig. 4). 

Diatom frustules were mostly well preserved aside from slightly 
higher fragmentation in the lower half of the sediment sequence, and 
represented a diverse assemblage of primarily benthic species typical of 
coastal and brackish water environments. As with chironomids, we 
focused on the distribution of diatom ecological guilds (Rimet and 
Bouchez, 2012) to outline broad ecological responses. Diatom taxa 
represented four ecological guilds (Fig. 4): the planktonic guild (free- 
floating taxa), the low profile guild (prostrate, attached taxa), the high 
profile guild (perpendicularly attached taxa) and the motile guild (fast 
moving attached taxa). Throughout the core, the most common were 
low profile (average abundance 34 %), motile (32 %) and high profile 
(25 %) guilds, whereas the planktonic guild was less common (9 %). The 
low profile guild showed little variation with the exception of a con-
spicuous peak (up to 87 %) at 1–2 cm depth. The planktonic guild 
increased sharply in abundance at the bottom of Unit 2, followed by a 
gradual decrease, whereas the high profile guild gradually increased 
towards upper part of Unit 2, with both guilds reaching their maximum 
abundance in this brackish water unit (24 % and 39 % for planktonic and 
high profile guilds, respectively). Stratigraphic diagrams of chironomid 
taxa and most common diatom taxa are presented in Fig. S1. 

3.4. Statistical analyses 

The three-phased structure in the core was consistently observed 
across all studied proxies and the major changes matched lithostrati-
graphic unit boundaries. In accordance, hierarchical clustering based on 
diatom guilds distinguished the main changes in functional assemblage 
structure at the unit borders. PCA, which was used to summarise in-
formation and detect trends in the analyzed variable groups, captured 
most of the variability for the variable groups within the first two axis 
(Fig. 5). For geochemistry PC axis 1 explained 76 %, and PC axis 1 and 2 
together explained 94 %. The corresponding values, respectively, are 54 
% and 71 % for pigments, 58 % and 85 % for diatom functional groups, 

and 58 % and 84 % for chironomid functional groups. For fatty acids the 
3D matrix was more complex yielding somewhat smaller eigen values, 
PC 1 axis explained 37 % and PC 1 and 2 together 50 % of total vari-
ability. According to PERMANOVA performed on the PC axis 1 and 2 
scores (Fig. 5) significant differences between the units were revealed 
(TSS = 1416, F = 12.87, p = 0.0001). Furthermore, Bonferroni corrected 
post-hoc pair-wise comparisons indicated significant differences be-
tween all units (unit 1 vs. 2, p = 0.0003; 1 vs. 3, p = 0.0054; 2 vs. 3, p =
0.0015). 

4. Discussion 

4.1. Developmental phases of Greiner lake 

Three distinct periods in the ontogeny of Greiner Lake were evident 
from the biological and physico-chemical characteristics of the sediment 
core. These visually distinct units were also significantly different from 
each other based on PC axis scores. A similar three-phased structure is 
commonly seen in stratigraphies of lakes that have been isolated from 
the sea due to isostatic uplift (Bradley et al., 1996; Hakala, 2004; Van 
Hove et al., 2006). 

4.1.1. Unit 1: Shallow marine environment 
The relatively enriched isotopic ratios (13COM and 15N; Fig. 2) of the 

oldest Unit 1 (> ~2500 Cal BP) suggested marine-derived organic 
matter (OM). In particular, δ15NOM above 8 ‰ exceeded values typical 
for northern lacustrine environments, as these are commonly sites with 
considerable cyanobacterial activity that produces near-zero δ15NOM 
values (Meyers, 2003). Similarly, δ13COM values around –20 ‰ are in the 
typical range (–17 to –22 ‰) for marine organic matter (Maslin and 
Swann, 2007). These characteristics, together with the stable sediment 
geochemistry, apparent low productivity, absence of chironomids, and 
diatom flora typical of coastal and brackish environments, suggest that 
Unit 1 has been deposited in a low-energy, nearshore marine environ-
ment. Post-glacial marine inundation is also supported by marine 
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paleoshorelines that have been recorded from neighboring Mount Pelly 
up to an altitude of 153 m a.s.l. (Johnson, 1962). 

4.1.2. Unit 2: Transitional brackish environment 
Unit 2 (estimated age between ~500 to ~2500 Cal BP) represented a 

transitional zone between the paleoenvironments of Units 1 and 3. 
Declining isotopic signatures during this interval indicated a gradual 
reduction of marine influence. Magnetic susceptibility suggested 
increased catchment influence around 5–12 cm (Fig. 2), possibly related 
to advancing basin isolation. However, as changes in magnetic suscep-
tibility are caused by magnetizing minerals, changes of magnetic sus-
ceptibility in the core may not strongly reflect the minerogenic input 
from the carbonate-dominated catchment. Furthermore, the appearance 
of marine resting stages (Xanthiophyxis, from marine diatoms of the 
genus Chaetoceros) and the subsequent appearance of chrysophyte cysts, 
indicated conditions of intermediate salinity between marine and 
freshwater (Fig. 4) (García-Rodríguez, 2006). It appears likely that a 
gradual freshening process, whose rate depended on the lake’s water 
balance (Van Hove et al., 2006), occurred during Unit 2. The deposi-
tional environment of Unit 2 may thus represent an open lowland lake 
that received marine pulses, a closed lagoon-lake environment receiving 
freshwater drainage, or more generally the development from a system 
open to marine influence to an isolated lake basin. The final isolation of 
Greiner Lake falls at the boundary of Units 2 and 3, marked by con-
spicuous biological reorganizations and geochemical transitions, which 
are also well-depicted in the PC scores. Late isolation is supported by the 
surrounding topography, with large areas below 20 m a.s.l. around the 
lake (Fig. 1). 

The lake basin experienced bottom anoxia during Unit 2, as indicated 
by the lack of chironomid fossils and the presence of BChl-e and iso-
renieratene, both pigments associated with brown strains of green 
sulphur bacteria (Chlorobium) that require strictly anoxic conditions 
(Overmann, 2006). Higher concentrations of chlorophyll-a and 
β,β-carotene in the sediments of Unit 2 suggested enhanced algal pro-
ductivity (Leavitt and Hodgson, 2001). This is further supported by 
higher LCEFA percentages in the fatty acid profile, as diatoms, dino-
phytes and cryptophytes are key sources of LCEFA (Galloway and 
Winder, 2015). In addition to increased primary production, also sug-
gested by the highest organic content (Corg and Ntot) within the core, the 
greater percentage of the planktonic and high profile guilds within the 
diatom functional assemblage imply elevated nutrient levels in the 
system (Rimet and Bouchez, 2012). 

Changes between oxic and anoxic conditions may affect the preser-
vation and therefore the concentrations of sedimentary pigments 
(Leavitt, 1993). We assessed changes in preservation using the ratio 
between chlorophyll-a and its derivative (pheophytin a), which indi-
cated that preservation varied relatively little between the units (Fig. 3). 
The peak in chlorophyll-a:pheophytin a at 0 cm was likely indicative of 
active degradation processes typical at the sediment surface (Leavitt, 
1993). Although there was more variability in the preservation signal 
within Unit 2 during anoxic conditions, the preservation signal was not 
consistently higher and overall variability within the core was relatively 
low. The preservation of fatty acids follows the same tendencies as for 
pigments; most degradation occurs during early sedimentation (Canuel 
and Martens, 1996), is faster under oxic conditions (Ding and Sun, 
2005), and unsaturated fatty acids are more prone to degradation than 
saturated (Niggemann and Schubert, 2006). 

Anoxic phases may occur in northern lakes under prolonged periods 
of ice cover (Antoniades et al., 2011; Bégin et al., 2020; Klanten et al., 
2021). They are also a common feature of isolation transitions caused by 
land uplift, where a halocline prevents the complete mixing of the water 
column (Bradley et al., 1996; Hakala, 2004; Ludlam, 1996). The Cana-
dian Arctic features a striking diversity of lakes with strong stratification 
patterns and varying salinities, which are inherently linked to the 
coupled landscape-lake evolution (Van Hove et al., 2006). As inter-
preted from the Greiner Lake core, the anoxic phase covers the 

transitional Unit 2. Greiner Lake is largely shallow relative to its surface 
area, and receives large amounts of fresh water from the vast catchment, 
hence it seems plausible that the anoxic phase was prolonged only in the 
deeper part of the lake. This is supported by the presence of predomi-
nantly benthic diatom species, that must have occupied the shallower 
areas of the lake basin where anoxia was not prevalent. The anoxic 
bottom waters were further overlain by an oxygenated, productive 
water column, as suggested by the pigments and fatty acids 

4.1.3. Unit 3: Freshwater environment 
The youngest unit (Unit 3) represents the modern freshwater period 

of the lake. The appearance of chironomid remains in the fossil record 
indicates freshwater and improved bottom oxygen conditions (Bro-
dersen and Quinlan, 2006). Accordingly, the pigments of the obligate 
anaerobe Chlorobium disappear from the record along with marine 
resting stages and are replaced by typical algal and cyanobacterial 
pigments. Chironomids may have occurred earlier in littoral areas or 
upstream lakes, as suggested by a single, presumably in-washed head 
capsule found at 3.5 cm depth, which would imply freshwater flow from 
the catchment and more suitable oxygen conditions in the littoral zone. 
In Greiner Lake, conductivity has remained high (currently 270 µS 
cm− 1) in the freshwater phase and the lake has been observed to host 
several marine relict species (Johnson, 1962), confirming that the 
complete freshwater phase may be a relatively recent phenomenon. 
Coexistence of freshwater and brackish diatoms in Unit 3 further sup-
ports this notion. In addition, a link to present-day marine nutrients 
remains through a considerable anadromous Arctic char stock, which 
likely contributes to the relatively 15N-enriched values of δ15NOM (ca. 6 
‰). The δ15N of the char in the lake is at least 10 ‰ (summer residents) 
(Grosbois et al., in press). 

The onset of Unit 3 was marked by a distinct peak of low profile guild 
diatoms (1–2 cm depth, Fig. 4), which may be related to transient hy-
drological changes and catchment influence, as the low profile guild is 
considered resistant to environmental disturbance. This event may 
relate to the Little Ice Age (LIA), as evidence from varved records in-
dicates coupled high precipitation and low temperature conditions for 
the Canadian Arctic (Lamoureux et al., 2001), however, the link remains 
hypothetical due to chronological constraints. For the upper part of Unit 
3, the relative abundance of collector-gathering chironomids increases 
and collector-filterers decrease, which may relate to increases in tem-
perature (Luoto and Nevalainen, 2015) or catchment inputs such as 
terrestrial nutrients and carbon, or to changes in light climate (Kivilä 
et al., 2019). 

4.2. Freshwater–marine interaction, implications for productivity 

The dominating features of Greiner Lake’s ontogeny are changes in 
the degree of marine influence and bottom anoxia, which guided the 
ecological characteristics of the lake. Particularly notable is the inter-
mediate Unit 2, featuring higher productivity than the freshwater Unit 3, 
despite the fact that Greiner Lake is relatively productive today, with 
well-developed littoral algal, microbial and invertebrate communities 
and considerable planktonic production (Grosbois et al., in press). The 
mixed flow of both fresh and marine water may have been advantageous 
for the primary producers by creating an intermediate habitat that 
allowed the existence of fresh to marine taxa with wide salinity toler-
ances. Diatoms likely formed a key component of the phytoplankton and 
-benthos assemblages in Unit 2. Distinctly elevated values of the specific 
fatty acid C16:1ω7, a diatom indicator (Graeve et al., 1997), in Unit 2 
provide support for increased diatom biomass (Fig. 3). Diatoms have 
also been reported to produce higher amounts of LCEFA in intermediate 
salinities (Galloway and Winder, 2015), which further supports the 
notion of increased productivity. We observed elevated diversity 
(average Shannon H in Unit 2 is 3.3, max 3.6, whole series average 3.0) 
and the highest functional diversity of diatoms in Unit 2, both of which 
have been positively associated with biomass and productivity in 
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lacustrine and brackish environments (Virta et al., 2019; Vogt et al., 
2010). A nearby diatom study from coastal ecosystems of Arctic Ocean 
also suggest highest diversity to occur in semi-enclosed back barrier and 
lagoon environments representing mixed marine and freshwater influ-
ence (Campeau et al., 1999). 

Primary producers are driven by changes in light availability, 
salinity, nutrient concentrations and temperature (Underwood and 
Kromkamp, 1999), and climate shifts must therefore be assessed as 
potential contributing factors to changes in Greiner Lake. In polar lakes, 
light availability throughout most of the year is controlled by ice and 
snow cover; warming causes thinner ice, longer open water periods and 
therefore greater light penetration. The majority of the Greiner Lake 
core encompasses the prevailing Late-Holocene cooling trend (Briner 
et al., 2016), which would typically be expected to lead to shorter open- 
water period and reduced nutrient delivery from terrestrial environ-
ments (Vincent et al., 2013). Given that Greiner Lake productivity does 
not appear to follow these regional climatic trends, other drivers are 
needed to explain its changes over time, and the evidence suggests that 
the principal drivers of productivity were shifting nutrient inputs and 
salinity changes caused by the changing level of marine influence. 

In support of our observations, the ecological responses occurring in 
coastal freshwaters following modern marine surges indicate not only 
changes in community structure, but also a pattern of increased chlo-
rophyll-a (Deasley et al., 2012) and higher abundance for chironomids 
(Thienpont et al., 2015), indicating increased productivity. While the 
processes of marine inundation and isolation are not directly compara-
ble in their nature (episodic vs. gradual) nor in the resulting salinity and 
stratification regimes, the conditions above anoxic bottom waters of 
Greiner Lake during Unit 2 likely represent an environment comparable 
to modern inundation, where the fresh water from the catchment is 
mixed with marine pulses. This mixing dynamic appears to have stim-
ulated algal production in the lake, as evidenced by pigment and fatty 
acid records, and the predominantly benthic distribution of diatoms 
suggest that the shallower littoral areas of the lake hosted well- 
developed communities. While our other data does not allow for 
explicit separation of planktonic and benthic sources, it is well known 
that the benthos often dominates the biomass of Arctic lakes (Rautio 
et al., 2011; Vadeboncoeur et al., 2008, 2002), and is likely to do so as 
long as sufficient light conditions prevail. 

5. Conclusions 

We presented the first paleorecord from Greiner Lake, in which the 
developmental history was composed of three distinct phases illus-
trating the transition from a marine to a brackish water environment and 
finally, rather recently, to a freshwater ecosystem. Based on evidence 
from biological and biogeochemical proxies, the brackish phase featured 
the highest diversity and was the most productive, exceeding present 
day conditions. We suggest that the productivity increase was driven by 
mixed freshwater flow and marine pulses, providing the lake ecosystem 
with nutrient subsidies from both marine and terrestrial environments. 
Given the ongoing climate-driven changes in Arctic environments, 
including sea-level rise, sea-ice loss and increasing storminess, Arctic 
coastal freshwaters are at risk of increasing marine influence, causing 
inevitable consequences for community structure and ecosystem ser-
vices provided by coastal lakes. Based on our observations from the 
paleorecord of Greiner Lake, we suggest that marine interaction may 
also lead to enhanced algal productivity and consequently contribute to 
the further greening of the Arctic from an aquatic perspective. 
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