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A B S T R A C T   

Evaluating and understanding bio-environmental relationships at different spatial and temporal scales is 
important for accurately assessing marine productivity in relation to oceanographic conditions in changing Arctic 
ecosystems. In this paper, we compare four different bio-environmental datasets, in order to shed new light on 
the complex marine ecosystem of the Baffin Bay-Labrador Sea region, as well as the historical links between 
environmental changes and the ecosystem. Satellite dataset was used to describe the regional distribution of 
chlorophyll a, sea ice concentration (SIC), sea surface temperature (SST) and sea surface salinity (SSS). Chlo-
rophyll a data were also analysed together with shrimp assessment dataset to examine the relationship between 
marine pelagic productivity and bottom feeders off the Greenland coast. A microfossil dataset (diatom valves) 
from 57 surface sediment stations was used to describe diatom concentration and diversity across the study 
region. It was also used in combination with satellite data from the same sites to analyse species-environment 
relationships and develop a diatom-based transfer function for reconstructing past changes in SIC, SST and 
SSS. Subsequently, we applied the diatom transfer function on three short sediment cores from off SW and W 
Greenland spanning the last few centuries. A monitoring dataset of sea ice observations and instrumental 
measurements of water temperature and salinity, together with atmospheric data (air temperature and wind 
conditions) from Greenland, were used to develop a more complete picture of 20th and 21st century changes in 
ocean-climate conditions. Our comparative analyses show clear spatial distribution patterns of marine phyto-
plankton and identify key ecological groups linked to oceanic conditions. In addition, we find a significant 
correlation between the different trophic levels, culminating in a ‘productivity boom’ in 2001 CE. On a longer 
temporal scale, the transfer function reconstructions reveal a good correlation with the satellite, monitoring and 
observational trends, as well as a consistent, long-term decrease in sea ice linked to ocean-climate variability.   

1. Introduction 

Baffin Bay and the Labrador Sea play a major role both in North 
Atlantic Ocean circulation and in creating the environment for biota and 
fisheries. These areas are controlled by both cold Arctic water and warm 
Atlantic-sourced water, which has further implications for climate, 
marine productivity and human livelihoods (Merkel et al. 2012; The 
Fifth National Report 2014). This region’s climatic, oceanographic and 

biological significance has led to intensive oceanographic research in the 
last few decades (e.g. Zweng and Münchow 2006; Seidenkrantz et al. 
2013; Gibbs et al. 2015; Oksman et al. 2017; Allan et al. 2018), focusing 
on both modern and past changes in ocean conditions. The Arctic 
Monitoring and Assessment Programme (2017) has previously reported 
on the importance of the modelling climate and other drivers of Arctic 
changes. Numerous ecological, oceanographic, palaeoenvironmental 
and geological studies have been conducted along the coasts of 
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Greenland, with particular focus on Disko Bay (Qerqertarsuup tunua), 
one of the Greenland Ice Sheet’s largest drainage basins (Jensen 2003; 
Lloyd 2006; Andresen et al. 2011; Hogan et al. 2016; Moros et al. 2016; 
Hofmann 2017). However, studies using remote sensing and ship-board 
monitoring, which provide detailed information on the Arctic marine 
environment and ecosystems, have only recently become available. 
Initiatives, such as the Greenland Ecosystem Monitoring programme 
(GEM; http://g-e-m.dk/) and the Circumpolar Biodiversity Monitoring 
Programme (CBMP; http://www.caff.is/monitoring/) maintain conti-
nuity in data collection to facilitate a better understanding of present- 
day seasonal and annual changes. Field campaigns carried out as part 
of the standard GEM programme supported the collection of the datasets 
utilised in the current publication. Moreover, research institutions and 
field stations located in the remote Arctic and sub-Arctic areas sur-
rounding Baffin Bay are an excellent source of data and knowledge that 
enable meaningful interpretations of biological, environmental and 
climatic conditions at different spatial and temporal scales. 

Oceanographic conditions in Baffin Bay during spring, when the sea 
ice starts to break up, promote phytoplankton spring blooms, which tend 
to follow the sea ice margin (e.g. Arrigo et al. 2012). Arctic marine 
phytoplankton, measured as concentration of chlorophyll a comprises 
groups such as diatoms, haptophytes or chrysophytes, of which diatoms 
are typically one of the most abundant, with a long bloom season (Poulin 
et al. 2011; Krawczyk et al. 2015b). Phytoplankton bloom dynamics in 
turn affect the reproductive cycles of higher trophic levels that feed on 
phytoplankton, such as shrimp (Pandalus borealis; Koeller et al. 2009). 
Areas influenced by seasonal sea ice, such as the western coasts of 
Greenland typically have periods of high pelagic production, which 
sustains marine food chains throughout the year (Møller et al. 2019). 
Such areas can be considered hotspots, and are important both in terms 
of high biodiversity and concentrations of biota (Møller et al. 2019), and 
also as areas of commercial interest, such as shrimp fishery in 
Greenland. 

In the Baffin Bay region, there is a long tradition of expanding our 
knowledge of present-day marine environmental conditions by looking 
at the geological time scale, mostly based on qualitative studies of 
proxies such as diatoms, dinoflagellates and foraminifera (Seidenkrantz 
et al. 2007, 2008; Knudsen et al. 2008; Ren et al. 2009; Andresen et al. 
2011; Perner et al. 2011; Krawczyk et al. 2013; Allan et al. 2018; Hansen 
et al. 2020; Limoges et al. 2020). Recently, more quantitative studies 
from around Greenland (Sha et al., 2014, 2016, 2017; Krawczyk et al. 
2017; Oksman et al. 2017; Allan et al. 2018, 2019) have utilised surface 
sediment datasets from both regional and large-scale areas. Such studies 
reveal the potential to reconstruct past oceanographic conditions more 
precisely by combining information on species distribution patterns 
relative to specific environmental conditions obtained from satellite 
observations. In addition, multi-proxy studies are a step towards a more 
comprehensive picture of oceanographic changes over time, especially 
when focusing on a specific location (e.g. Seidenkrantz et al. 2007; 
Moros et al. 2016). Combining information from both qualitative and 
quantitative approaches is very important for achieving a better un-
derstanding of species ecology and its use in palaeoenvironmental re-
constructions. For example, many diatom-based palaeoenvironmental 
studies from the North Atlantic area base their reconstructions on the 
key diatom genera found in present-day coastal waters and/or the sea 
ice margin, while excluding the genus Chaetoceros from the counts. This 
is likely due to a methodological tradition of using Chaetoceros resting 
spores only as an index of marine productivity, rather than exploring the 
ecology of this genus in reconstructions. However, a qualitative assess-
ment of the ecology of Chaetoceros could provide a useful addition to 
both qualitative and quantitative (e.g. transfer function) re-
constructions. The present-day studies from the West and East 
Greenland fjords and offshore areas clearly show that this organismic 
group constitutes a substantial fraction of the diatom community and 
tends to be dominant in the late summer/autumn season (Grøntved and 
Seidenfaden 1938; Munk et al. 2003; Krawczyk et al. 2015a, 2015b). 

Despite various studies, there are still significant gaps in our 
knowledge, one of which relates to the complex relationships between 
the physical environment and biota that control the dynamics of Arctic 
marine food webs. The availability of data in the Baffin Bay and Lab-
rador Sea region provides an opportunity to investigate the influence of 
complex oceanographic conditions on primary producers and species 
diversity, particularly diatoms and, consequently, bottom feeders. The 
current paper presents a detailed study of these species-environment 
relationships and their spatial distribution patterns using chlorophyll a 
measurements, together with physical marine environmental variables 
derived from remote sensing data and diatom assemblages from surface 
sediments (including the underestimated genus Chaetoceros). We also 
compare our productivity and diatom results from SW and W Greenland 
with commercial shrimp catch data and recruitment data from shrimp 
surveys to assess the relationship between shrimp and phytoplankton 
productivity. This study also directly applies the present-day species- 
environment relationships to develop a diatom-based transfer function 
which is then applied to three marine sediment cores to reconstruct past 
environmental conditions in SW and W Greenland over the last few 
centuries. For a more accurate assessment of past ocean-climate dy-
namics we validate the palaeoenvironmental reconstructions with sat-
ellite, monitoring oceanographic and atmospheric data from Greenland 
collected over the last few decades (e.g. portals GEM, Asiaq; database at 
Greenland Institute of Natural Resources). This paper highlights the 
importance of studying spatio-temporal dynamics in the high-latitude 
marine ecosystems, not only in terms of the link between biota and 
physical environments across different climate zones, but also in order 
to explore potential trophic synergies. 

2. Oceanographic setting 

The present-day oceanographic conditions in the Baffin Bay- 
Labrador Sea area are governed by a complex system of currents, sea-
sonal sea ice cover and freshwater input from the Greenland Ice Sheet 
(Zweng and Münchow 2006; Tivy et al. 2011; Krawczyk et al. 2017). 
Cold and fresh Arctic water masses enter Baffin Bay via Nares Strait, 
move southwards along the western margins of Baffin Bay as the Baffin 
Current and then exit via the Labrador Sea as the Labrador Current. On 
the Greenland side, warm and saline Atlantic-sourced water masses from 
the Irminger Current mix with coastal water and local meltwater from 
the Greenland Ice Sheet to form the West Greenland Current (WGC; 
Zweng and Münchow 2006; Fig. 1). The WGC carries this relatively 
warm and saline water northwards along the western coast of 
Greenland, where it reaches the northern Baffin Bay. It then mixes with 
the outer part of the Baffin-Labrador Current system and returns 
southwards. Seasonal sea ice cover in Baffin Bay persists throughout 
winter, until March/April, but the SW coast of Greenland and the SE 
Labrador Sea remain largely ice-free (Tang et al. 2004; Boertmann et al. 
2013; Juul-Pedersen et al. 2014). The concentration of sea ice in Baffin 
Bay reaches its annual minimum in September (Tivy et al. 2011). Recent 
studies suggest that the waters in Baffin Bay are becoming fresher and 
warmer (Zweng and Münchow 2006; Tivy et al. 2011) due to progres-
sive climate change highlighting the need to study the topic in greater 
detail and on a longer time scale. 

3. Materials and methods 

Table 1 summarises the detailed information on the datasets 
described below (i.e. time intervals, data resolution and sources). 

3.1. Satellite dataset 

Satellite data were used to derive sea ice concentration (SIC; %), sea 
surface temperature (SST; ◦C), sea surface salinity (SSS; PSU) and 
chlorophyll a (chl a) data for the Baffin Bay-Labrador Sea region. The 
monthly average extracts are from grid points covering the surface 
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sediment sample locations (see Fig. 1 and Table S1). Krawczyk et al. 
(2017) describe the SIC and SST data reanalysis. A spatial resolution of 
0.05 degrees was used for the SST product, and 10 km for the SIC 
product. The chl a data (μg l− 1) used here are the monthly L3S product in 
4 km resolution, where the MODIS, MERIS and VIIRS observations have 
been band-shifted and bias corrected to produce a consistent dataset 

throughout the whole time period (Mélin et al. 2017; Grant et al. 2017). 
This study also includes monthly sea ice extent data for the Northern 
Hemisphere (Table 1). 

SSS data were constructed using the Hybrid Coordinate Ocean Model 
(HYCOM) model and 100-member DEnKF (i.e. square root filter scheme) 
to assimilate in situ profiles and satellite data from different sensors 

Fig. 1. Baffin Bay and Labrador Sea, showing locations of sampling stations with ‘modern’ stations (green circles) and ‘non-modern’ (i.e. older tops, based on 210Pb 
dating; white circles) stations. Short sediment cores were collected from Disko Bay (MSM343300 and MSM343310) and the Maniitsoq area (SA13-ST3-16R), 
indicated by solid red stars (insert map). A schematic circulation system in the study area is also shown, i.e. Arctic water masses (blue): BC – Baffin Current, LC – 
Labrador Current; and Atlantic water masses (yellow): IC – Irminger Current and WGC – West Greenland Current. Bathymetry data source: GEBCO (500 m contours in 
insert map) (http://www.gebco.net/). (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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(Bleck 2002; Sakov and Oke 2008) at a spatial resolution of 12.5 m. Data 
were extracted from NetCDF files and converted to raster files using 
QGIS software (http://qgis.org/). 

3.2. Shrimp assessment dataset 

The shrimp catch (i.e. age-4 shrimp) and shrimp recruitment (i.e. 
age-2 shrimp) data used in this study were collected from Disko Bay 
(inner bay region) and Fylla Bank (neighbouring the Maniitsoq area) 
(Table 1 and S2). Since 1999 CE the annual survey stations have been 
allocated using ‘buffered random’ sampling. 50% of the stations are 
placed randomly, with the constraint of a minimum distance between 
them and 50% of the stations included in the preceding year’s design are 
repeated as fixed. Kingsley et al. (2004) presents a more comprehensive 
description of station allocation, while the survey details are described 
in Burmeister and Rigét (2019). From 2005 CE, the tows at the survey 
stations were shortened from 60 min. to 15 min. The reduction in fishing 
times didn’t impact the accuracy of the results (Burmeister and Riget, 
2019). 

In order to obtain information on recruits (such as age-2 shrimp) 
from each station, a sample of approximately 0.5–3 kg was taken and 
sorted by species. All specimens of northern shrimp (Pandalus borealis) 
were classified into three groups: one consisting of juveniles and males; 
another consisting of primiparous and another of multiparous females. 
The oblique carapace length of each shrimp in the sample was measured 
to the nearest 0.1 mm. Modal analysis was carried out using Partiel Mix 
(MCSKMIX 2014 © Greenland Institute of Natural Resources; GINR) in 
order to fit numbers of shrimp at age 2. Those individuals were esti-
mated by decomposing the length distributions and fitting normally 
distributed components. The analysis used only data from shrimp with 
carapace length of less than 19 mm, in an attempt to prevent skewness in 
age groups of age 2, age 3 and older individuals. Burmeister and Rigét 
(2019) present a more comprehensive description of the method. 

Statistical analysis used a Pearson correlation (r) to quantify the 
strength of association between the satellite-derived variables 

representing marine primary production, i.e. chlorophyll a (chl a) (as 
potential shrimp food source) and shrimp data, i.e. numbers of age-2 
shrimp with one and two years’ lag, as well as shrimp catch informa-
tion with 4 years’ lag. Least squares linear regression was used to model 
the relationship between the age-2 shrimp and chl a data with lags of 
two years, as well as to test the relationship between the catch data and 
chl a with lags of four years. These analyses were performed using SAS 
9.4 PROC CORR/REG procedures, and tested for auto-correlation using 
Durbin-Watson (DW) statistics. 

3.3. Microfossil dataset 

The diatom microfossil dataset is composed of assemblages analysed 
from 118 surface sediment samples (uppermost 1–2 cm) and three short 
sediment cores (c. 0.3/0.5 m long) collected during multiple research 
cruises. In addition, 16 present-day phytoplankton samples (20 μm mesh 
nets, towed vertically from 0 to 60 m water depth) from along the West 
Greenland coast were added to the dataset, and function as a present-day 
reference of distribution of the key diatom genera. Table S1 presents 
details of exact sample locations, cruises, water depths and sampling 
gear information. 

The surface samples were collected from the Baffin Bay-Labrador Sea 
area and the dataset included previously published data from the West 
Greenland shelf (i.e. 87 samples published in Krawczyk et al. 2017). 
Allan et al. (2019) also analysed a subset of 60 samples from the West 
Greenland shelf for dinoflagellate cyst assemblages. A total of 118 sur-
face sediment samples have been included in the present study (Fig. 1). 
Among those, fifty-seven samples were regarded as ‘modern’, based on 
measurements of natural 210Pb and artificial 137Cs, following the pro-
cedure described in Krawczyk et al. (2017). These ‘modern’ samples are 
marked with an asterisk in Table S1 and used in all subsequent statistical 
analyses and development of the diatom-based transfer function. We 
were unable to determine the exact time interval integrated in each 
surface sediment sample, but the sedimentation rates vary between the 
sites (see below). When assessing the species-environment relationship, 

Table 1 
Summary information on the datasets used in this study.  

Dataset Variable Time interval (CE) Data resolution Source 

Satellite Sea Ice Concentration 1978–2014 Monthly average Ocean and Sea Ice Satellite Application Facility (http://www.osi-saf.org/) 
climate data record 

Satellite Sea Surface 
Temperature 

1982–2012 Monthly average Ocean and Sea Ice Satellite Application Facility (http://www.osi-saf.org/) 
climate data record 

Satellite Chlorophyll a 1998–2016 Monthly average European Space Agency (http://www.esa-oceancolour-cci.org/) Climate 
Change Initiative (CCI) ocean colour project (Sathyendranath et al. 2012;  
Lavender et al. 2015) 

Satellite Sea ice extent 1978–2014 Monthly average National Snow and Ice Data Center FTP Archives (Fetterer et al. 2017) 
Satellite Sea Surface Salinity 1991–2010 Monthly average TOPAZ4 Arctic Ocean Reanalysis (product ID: 

ARCTIC_REANALYSIS_PHYS_002_003); downloaded from MyOcean, 
renamed as Copernicus Marine Environment Monitoring Service 
(http://marine.copernicus.eu/) 

Shrimp Shrimp catch data 
(age-4 shrimp) 

1997–2016 Annual Logbooks from the Greenlandic Fishery and License Control database 

Shrimp Shrimp recruitment 
data (age-2 shrimp) 

1997–2016 Annual The annual shrimp and fish random-stratified trawl survey (Greenland 
Institute of Natural Resources; GINR) 

Microfossil Core MSM343300 1847–2004 Table S1-S2 Leibniz Institute for Baltic Sea Research Warnemünde, Germany (Lloyd 
et al. 2011; Perner et al. 2013) 

Microfossil Core MSM343310 1917–2006 Table S1-S2 Leibniz Institute for Baltic Sea Research Warnemünde, Germany (Lloyd 
et al. 2011; Perner et al. 2013) 

Microfossil Core SA13-ST3-16R c. 1625–2009 Table S1-S2 Leibniz Institute for Baltic Sea Research Warnemünde, Germany 
Monitoring Sea Surface 

Temperature, Sea 
Surface Salinity 

1895–2014 (data gaps: 
1959–1998 for Disko Bay 
and 1972–1997 for 
Maniitsoq) 

Monthly (consistent record 
only for period: 1997–2006 
and 2010–2014) 

International Council for the Exploration of the Sea (ICES, 2014); M/T 
Paamiut surveys (GINR) 

Monitoring Sea ice 1894–1922 Seasonal (inconsistent 
record) 

Historical archive reports from the whaling and trading station of 
Upernavik (Kuijpers et al. 2019) 

Monitoring Air temperatures From 1895 Monthly average (consistent 
record) 

Danish Meteorological Institute (DMI; Cappelen et al., 2018) 

Monitoring Wind speed and 
direction 

From 1999 Monthly average (consistent 
record) 

Asiaq  
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we assumed that the sediments in the uppermost 1–2 cm were deposited, 
on average, within the last several decades (see sub-section 3.4). 

We also include investigations of three short sediment cores in our 
study, in order to obtain information on temporal changes in diatom 
communities. Two sediment multi-cores (MSM343300 and 
MSM343310) are from the Egedesminde Deep in Disko Bay and the 
third, Rumohr Lot core (SA13-ST3-16R) is from the Maniitsoq Deep in 
Maniitsoq area (Fig. 1). Table S1 details the core lengths and sub- 
sampling intervals. A total of 138 samples from the three sediment 
cores were prepared for diatom analyses as described below. The 
chronologies of the multi-cores MSM343300 and MSM343310 are based 
on radionuclide measurements, a marked change in benthic foraminif-
eral taxa (Lloyd et al. 2011) combined with accelerator mass spec-
trometry AMS 14C dates on benthic foraminifera and mollusc shells 
(Fig. S1). Lloyd et al. (2011) and Perner et al. (2013) provide detailed 
descriptions of age-depth modelling. MSM343300 has a sedimentation 
rate of c. 2 mm/yr, while MSM343310 has a sedimentation rate of c. 4 
mm/yr. The chronology of the Rumohr core SA13-ST3-16R (hereafter 
-16R) is based on radionuclide and Hg concentration measurements 
(Fig. S1). The absence of foraminifera, molluscs or macro algae pre-
vented direct 14C dating of the core. Hg was measured using a DMA-80 
Analyser from MLS Company (Leipe et al. 2013), while analyses of 210Pb 
and 137Cs radionuclides were performed by gamma spectrometry, using 
a Ge-detector BE3830. As no dry bulk density (nor water content) data 
are available, we did not apply an established age model (cf. Appleby 
2001) for the core -16R. Nevertheless, the 137Cs measurements from core 
-16R indicate that the age of c. 1954 CE (corresponding to the start of a 
global peak in 137Cs; e.g. Owens et al. 1997) is located around 8 cm 
(Fig. S1), which matches the independent Hg concentrations (i.e. an 
increase in the 1960s/1970s pollution maximum; e.g. Horowitz et al. 
2014). As such, we use the Hg down-core profile to support the chro-
nological framework, which has been successfully applied in several 
areas in the North Atlantic region (e.g. Risebrobakken et al. 2010; Leipe 
et al. 2013; Perner et al. 2015, 2019; Moros et al. 2017). Assuming the 
top age of 2013 CE (i.e. the year of sampling; 0.5 cm sub-sample cor-
responding to c. 2009 CE), and the age of c. 1954 CE at 8 cm, implies a 
sediment accumulation rate of approximately 1.5 mm/year, signifi-
cantly lower than the Disko Bay cores. This sedimentation rate was 
further used to estimate the age model for the lower parts of the core 
-16R, with age uncertainties of several decades. 

For microfossil (diatom) analysis, all samples were rinsed, cleaned 
(using hydrochloric acid and hydrogen peroxide), and mounted on slides 
with Naphrax® for light microscopy, following the methods described in 
Krawczyk et al. (2013). For present-day phytoplankton samples, we used 
the same procedure, except for the hydrochloric acid (see Krawczyk 
et al. 2015b). A follow-up procedure was applied to samples from core 
SA13-ST3-16R, which were centrifuged four times with distilled water 
for four minutes at 1200 rpm. One or two drops of weak ammonia so-
lution (1%) was added to each sample during the final centrifuge, to help 
keep clay and silt in suspension and prevent the diatoms from clumping 
together (Battarbee 1986; Taylor et al. 2007). In addition, the procedure 
included measurements of the volume ratio of the final suspension in the 
beaker, relative to the suspension on the cover slip/petri dish, as well as 
the area of each slide. This was carried out on the calibration surface 
sediment dataset and the SA13-ST3-16R core samples, in order to obtain 
quantitative information on the number of diatom valves per gram of 
sediment. Over 300 diatom valves were counted in each sample, after 
Schrader and Gersonde (1978), including resting spores of the genus 
Chaetoceros, if they were identifiable to the species level. The identifi-
cation of diatom species was based on Fryxell (1975), Syvertsen (1979), 
Hasle and Syvertsen (1996), Witkowski et al. (2000), Quillfeldt (2001) 
and Throndsen et al. (2003). 

For the statistical analyses, the species abundance (%) was used, for 
species richness, the species count (n) was used and for productivity 
estimates, the numbers of valves per gram of dry sediment were calcu-
lated for each sample. The down-core diatom record was divided into 

local diatom assemblage zones (LDAZ) by agglomerative hierarchical 
clustering using the xlstat program (http://www.xlstat.com/). 

3.4. Transfer function 

A prerequisite for transfer function analysis is to assess how the 
species-environment relationship corresponds to present-day condi-
tions, for use in a quantitative reconstruction of the palaeoenvironment. 
In this study, we used percentage data for all identified diatom taxa (%), 
including the genus Chaetoceros, from the 57 surface sediment samples, 
in combination with satellite-derived environmental variables consist-
ing of monthly averaged values of SIC (%), SST (◦C) and SSS (PSU) from 
the last several decades (see section 3.1). Canonical Correspondence 
Analysis (CCA) was used to analyse the ecological relationships corre-
sponding to diatom bloom season (i.e. spring-late summer). The winter 
months (November–March) were excluded from the analysis, as poor 
light conditions in the Arctic and sub-Arctic regions during winter do not 
favour phytoplankton blooms (Krawczyk et al. 2015b). A permutation 
test (1000 permutations) was used to estimate the statistical significance 
(P-values) of species-environmental relationships. An xlstat add-on was 
used to perform CCA. 

The calibration surface sediment data were used to convert down- 
core diatom data to quantitative SIC, SST and SSS, using various trans-
fer function techniques. Weighted Averaging Partial Least Squares 
(WAPLS; ter Braak and Juggins 1993) and Maximum Likelihood using 
Response Curves (MLRC; Juggins and Birks 2012) were tested for each 
variable and the optimal method chosen, using the criterion of lowest 
prediction error under cross-validation. Previous studies (e.g. Justwan 
and Koc, 2008; Miettinen et al. 2011; Krawczyk et al. 2017) have 
described each of these transfer function techniques. H-block cross- 
validation was used to tackle the problem of spatial dependency in the 
calibration dataset, and was estimated by assessing the spatial structure 
of the residuals of the surface sediment sample predictors following 
Traschel and Telford (2016). In h-block cross-validation, samples closer 
than a cut-off distance (h) from a target sample are excluded in each 
cross-validation cycle. The cut-off distance (h) was estimated as 100 km, 
based on the range of a circular variogram fitted to the detrended re-
siduals. Oceanographic variables such as SIC, SST and SSS are correlated 
in spatial datasets. As such, we also use variance partitioning to 
decompose the total variance accounted for in the surface sediment 
diatom assemblages by each of the three environmental variables into 
unique and shared components. The unique component may be solely 
attributed to the environmental signal of a variable, whereas the shared 
component represents the effects of its joint distribution with others in 
the analysis. Transfer function analysis and variance partitioning were 
performed using R (R Core Team 2019), using the packages rioja (Jug-
gins 2017) and vegan (Oksanen et al. 2019). 

3.5. Monitoring dataset 

Oceanographic monitoring data were mainly based on ship of op-
portunity data. These data encompass two variables, surface water 
temperature (◦C) and surface water salinity (PSU), extracted from lo-
cations closest to the locations of the short sediment cores (see Fig. 1). 
For consistency with satellite data, we extracted SST and SSS for the 
available summer months, typically June–September, to match our 
diatom-based reconstructions (see Table S2). These data lack monthly 
consistency, and there are some data gaps in the observation period 
(Table 1). In addition, this study also uses local observational records of 
the start and break-up of sea ice in Upernavik (north of Disko Bay). 

Climatic monitoring data of monthly mean air temperatures (◦C) 
were available for Ilulissat station (No. 4221) and Nuuk station (No. 
4250). In addition, monthly mean wind speed (m/s) and mean direction 
data (0o and 360o are North, 180o is South, 90o is East and 270o is West) 
were obtained for Nuuk station. The stations correspond to the marine 
region of the short sediment core locations (see Fig. 1). 
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4. Results and interpretation 

4.1. Marine environment and ecosystem 

4.1.1. Marine productivity (surface waters) 
Chl a data from surface waters (satellite reanalysis; μg l− 1) were 

analysed for two time intervals: 1998–2002 CE and 2012–2016 CE, to 
assess potential decadal change in phytoplankton productivity in the 
Baffin Bay/Labrador Sea area (Fig. 2). For both time intervals, we esti-
mated chl a average for the entire bloom season (April–September) and 
chl a average for the maximum month which was May in the Labrador 
Sea and along the SW and W Greenland coast up to c. 71◦N, and June in 
coastal waters of the Labrador Peninsula, Hudson Strait, along the Baffin 
Island and NW Greenland above c. 71◦N (Table S1). Both estimates 
showed a similar distribution pattern, but we focus here on maximum 
chl a (May/June; Fig. 2) as a major part of the annual primary pro-
duction, typically occurring during the phytoplankton spring blooms 
(Degerlund and Eilertsen 2010). To compare maximum chl a data with 
overall oceanographic conditions in the area, Fig. 2 shows the May and 
June sea ice extent, as well as September SSS for mid-periods of the 
respective time intervals (i.e. 2000 CE and 2014 for sea ice; 2000 CE and 
2010 for SSS, due to a lack of SSS data for 2014). Note that since the 
distribution pattern of maximum chl a in the study area is similar to the 
distribution of bloom season chl a, September SSS would indicate the 
end of the potential bloom season of marine phytoplankton (i.e. 
September representing the late summer/autumn season; see Section 
4.1.3.). 

The overall pattern for the Baffin Bay/Labrador Sea area across the 
last two decades reveals the highest values of maximum chl a in Disko 
Bay and along the SW Greenland coast, and the lowest values of 
maximum chl a along the Baffin Island, Hudson Strait and NW 
Greenland (i.e. north of Disko Bay), where seasonal sea ice cover persists 
the longest, based on satellite data (Fig. 2). At the start of the 21st 

century (1998–2002), the highest values of maximum chl a in Disko Bay 
and along SW Greenland coast were approximately 1–2 μg l− 1, whereas 
a decade later (2012–16 CE), these values increased to approximately 
1.5–2.5 μg l− 1 (Fig. 2). A nearly three-fold increase in maximum chl a 
was also observed for the same period in the Labrador Sea. Generally, 
the highest values of maximum chl a were observed in southern 
Greenland in recent years (> 2.5 μg l− 1; Fig. 2). Conversely, the lowest 
values of maximum chl a along Baffin Island remained at <1 μg l− 1 

throughout the study period. In general, stations with high phyto-
plankton productivity (i.e. high maximum chl a concentrations) are 
distributed along and south of the May/June sea ice margin, where 
higher SSS is observed, in particular south of 64◦N (>34 PSU in late 
summer) (Fig. 2). 

We compared the overall phytoplankton chl a concentrations with 
the main primary producers, diatoms (i.e. diatom concentrations, 
valves/g) in recently deposited surface sediments, equivalent to surface 
water conditions (i.e. photic zone) over the last few decades. The con-
centration of diatom valves per sediment sample is accumulated across 
the entire bloom season (c. April–September). However, it is likely that 
the spring bloom produces the highest abundances of diatom cells (cf. 
Krawczyk et al. 2015b). The results reveal that the highest diatom 
concentrations were observed in the coastal waters of the Hudson Strait 
(>21 × 106 valves/g), Labrador Sea (>6.2 × 106 valves/g), Labrador 
Peninsula (>4 × 106 valves/g) and Disko Bay (>2.5 × 106 valves/g) 
(Fig. 3). The highest diatom species richness (n) was likewise observed 
in the Hudson Strait and Disko Bay, and along the SW Greenland coast 
(>25 species per station in most stations) (Fig. 3). Only the Disko Bay 
area seems to show a match between both high maximum chl a and high 
diatom concentrations (Figs. 2–3). This is most likely explained by di-
atoms being the most abundant phytoplankton group in Disko Bay wa-
ters, compared to other groups, such as haptophytes. On the other hand, 
the lowest diatom concentrations along with the lowest species richness, 
were recorded in the waters along Baffin Island and NW Greenland 

Fig. 2. Distribution of satellite-derived chlorophyll a concentrations (http://www.esa-oceancolour-cci.org/) for maximum month (May/June) in the study area, 
divided into (to the left) average values calculated from the time interval 1998–2002 CE and (to the right) average values calculated from the time interval 
2012–2016 CE. The solid line represents the May sea ice margin, the dashed line represents the June sea ice margin, for both 2000 CE and 2014 (Fetterer et al. 2017). 
The September SSS for 2000 CE and 2010 is also shown (http://marine.copernicus.eu/). 
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(<4.0 × 106 valves/g and < 25 species per station in most stations), the 
same locations at which low values of maximum chl a concentration 
were observed (Figs. 2–3). These areas are characterised by lower SSS 
(<32 PSU in late summer) (Fig. 2). 

4.1.2. Diatom distribution 
The distribution of diatom taxa in our surface sediment dataset from 

Baffin Bay and the Labrador Sea is strongly linked to the present-day 
oceanographic conditions, as characterised by satellite-derived SIC 
(%), SST (◦C) and SSS (PSU). Fig. 4 illustrates the distribution of the 
most dominant taxa (>2%) from northernmost to southernmost stations. 
The most abundant taxa in the dataset are Thalassiosira sp. cf. spore1 
(mean relative abundance; MRA 23.5%), Chaetoceros furcellatus (MRA 
8.6%), Chaetoceros curvisetus (MRA 8.4%), Thalassiosira antarctica var. 
borealis (MRA 6.3%) and Fragilariopsis cylindrus (MRA 5.5%). 

The taxon labelled as Thalassiosira sp. cf. spore1 is a heavily silicified 
resting spore, commonly found in sediments in the Baffin Bay region, 
and previously identified as Thalassiosira kushirensis (Krawczyk et al. 
2012, 2013, 2017; Weckström et al. 2014). However, annual monitoring 
studies in the SW Greenland region, both in fjords and offshore (e.g. 
Krawczyk et al. 2015b, 2018), have shown that vegetative cells of 
T. kushirensis rarely occur in phytoplankton, and therefore the highly 
numerous spores of this species are unlikely to be found in sediments. 
Neither were vegetative cells of T. kushirensis found in the water column 
or sea ice samples from Disko Bay (Jensen 2003). We hypothesise that 
Thalassiosira sp. cf. spore1 could instead be another type of resting spore 
produced by the common Arctic species T. antarctica var. borealis, which 
is characterised by an absence of central, marginal and strutted pro-
cesses (pl. 2 in Krawczyk et al. 2012), most likely resulting from different 
formation conditions. In the Northern Hemisphere, T. antarctica var. 
borealis is known to form resting spores with distinct central, marginal 

and strutted processes, and is among the most common Arctic species, 
found in both water columns and sediments (Hasle and Syvertsen 1996; 
Quillfeldt 2001; pl. 1 in Krawczyk et al. 2012). 

The diatom species showing the northernmost distribution, i.e. 
>70◦N, including off NW Greenland, the northern Baffin Island and in 
the Nares Strait, are F. cylindrus (MRA 9.8%), Porosira glacialis (MRA 
8.4%), Melosira arctica (MRA 8%) Fragilariopsis reginae-jahniae (MRA 
7.2%) and Fossula arctica (MRA 6.8%). The latter two species also show 
higher abundances along the Labrador Peninsula (sea ice margin), 
together with C. furcellatus (MRA 20.9%). The central sector, i.e. 
65–70◦N, including Disko Bay and the central Baffin Island, is domi-
nated by Thalassiosira sp. cf. spore1 (MRA 33%) and shows high abun-
dances of T. antarctica var. borealis (MRA 7.7%). These species are also 
abundant in the northernmost sector (MRA 15.8% and 6.8%, respec-
tively). The southern sector, i.e. <65◦N including off SW Greenland, the 
Hudson Strait, the Labrador Sea and the Labrador Peninsula is repre-
sented by Thalassiosira sp. cf. spore1 (MRA 19.2%), C. curvisetus (MRA 
13.3%) and Thalassiothrix sp. (MRA 5.4%). 

4.1.3. Diatom ecology 
We used CCA to test the relationship between dominant diatom taxa 

(> 1%) and satellite-derived environmental variables, in a similar 
manner to the analysis performed in Krawczyk et al. (2017). The results 
of the CCA demonstrate that April/May SIC (i.e. average of monthly 
averages of both April and May), July SST and September SSS are in-
dependent and statistically significant (P < 0.0001), key environmental 
drivers of the diatom species’ distribution across the Baffin Bay/Labra-
dor Sea, i.e. explaining the most variance in the diatom dataset. In total, 
the three variables explain 22% of the variance in the diatom data. Most 
of the variance remains unexplained, which is not surprising (cf. 
Krawczyk et al. 2015a), as it can be attributed to biological processes 

Fig. 3. Distribution map of diatom concentration (productivity) and diatom species richness, derived from surface sediment samples. For reference, the solid line 
represents the May sea ice margin for 2000 CE (Fetterer et al. 2017), the approximate mid-period for the last several decades of surface sediment deposition. The 
September SSS for 2000 CE is also shown (http://marine.copernicus.eu/). 
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within the diatom communities, nutrients, and interactions with 
different trophic levels. It should be noted that, due to their distinct 
latitudinal patterns, there is a moderate correlation between April/May 
SIC and September SSS (r = 0.5). Both variables are correlated with Axis 
1, whereas July SST is correlated with Axis 2 (Fig. 5A). Nevertheless, 
each variable represents a different stage in the annual diatom bloom 
pattern, i.e. spring (April/May SIC), summer (July SST) and late summer 
(September SSS). In the sub-Arctic regions, phytoplankton (diatom) 
blooms show two distinct peaks, in April–May (first bloom) and July-
–October (second bloom) with each stage characterised by different 
species composition (Krawczyk et al. 2015b). The CCA diagram shows 
that the species plotted on the right are associated with spring sea ice 
cover, while species plotted on the left are linked to summer ice-free 
waters, i.e. a combination of warmer water during summer and more 
saline water during late summer (Fig. 5A). Species representing sea ice 
conditions (Fig. 5A–B), i.e. F. cylindrus, F. reginae-jahniae, M. arctica and 
F. arctica, are species typically found in proximity to ice in the Arctic 
region (Quillfeldt 2001; Jensen 2003; Krawczyk et al. 2017). In this 
study, they are distributed mostly in the northernmost sector of Baffin 
Bay, where maximum April/May SIC is observed (> 80%). The sea ice 
group can be linked to spring-like conditions in Arctic and sub-Arctic 
regions, which are characterised by the break-up and subsequently 
melting of sea ice (Poulin et al. 2011; Krawczyk et al. 2015b). On the 
other hand, C. curvisetus, Thalassiothrix sp. and Thalassiosira oestrupii are 
diatoms typical of the ice-free water (Fig. 5A-B) distributed south of the 
sea ice margin, where the highest September SSS was observed (average 
of 33.7 PSU; Fig. 5B). The latter species is associated with Atlantic- 

sourced water masses (Koc Karpuz and Schrader, 1990). Within this 
group, Thalassiosira sp. cf. spore1 and T. antarctica var. borealis are 
mostly associated with July SST, and these species dominate the central 
sector. In addition, Thalassiosira sp. cf. spore1 is highly abundant in the 
southernmost sector of the study area (Fig. 4). July SST shows maximum 
values in the southern sector of Baffin Bay, along the coasts of Labrador 
Peninsula and the Labrador Sea, as well as some stations in Disko Bay 
(>5 ◦C) (Table S1). The ice-free water group can be linked to the late 
phytoplankton bloom stage during the summer-autumn season, which is 
characterised by more saline, open marine conditions (Krawczyk et al. 
2014), and with potential mixing of Atlantic-sourced waters. The genus 
Chaetoceros typically represents the last stage of the diatom bloom sea-
son (Grøntved and Sedenfaden, 1938; Krawczyk et al. 2015b), and was 
recently reported in connection with higher salinity waters around 
Greenland (Krawczyk et al. 2015a). A comparison of the surface sedi-
ment diatom data (Fig. 5B) with the distribution of present-day phyto-
plankton (diatom) samples from the West Greenland waters (Fig. 5C) 
shows a similar latitudinal pattern with the genus Fragilariopsis domi-
nating the central and northern sector, Thalassiosira the central and 
southern sector, and Chaetoceros primarily the southern sector. 

4.1.4. Productivity and bottom feeders 
Marine productivity data using satellite-derived chl a (maximum chl 

a (May) and bloom season chl a (average for April–September)), were 
utilised in a comparative test with the shrimp data, i.e. age-2 shrimp 
(two-year-old shrimp) from trawl survey data (data plotted in Fig. 6) and 
age-4 shrimp (four-year-old shrimp) from commercial catches for Disko 

Fig. 4. Distribution of the most dominant diatom species (> 2% of diatoms in all samples) along the latitude gradient (N - northernmost, C - central and S - 
southernmost sectors are marked with arrows) with marked latitude every 5 degrees. Samples located in the western Baffin Bay are in red, while samples located in 
the eastern Baffin Bay are in black (see Fig. 1). Data derived from surface sediments. (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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Fig. 5. A. Ordination diagram of dominant diatom species (> 1% of diatoms in all samples) and environmental variables, i.e. April/May SIC, July SST and September 
SSS, along the two CCA axes. Generally, diatom species can be grouped into: sea ice diatoms (to the right) and ice-free water diatoms (to the left). The symbols 
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Bay and the Maniitsoq area. 
In Disko Bay, the number of age-2 shrimp was strongly negatively 

correlated with maximum chl a, with a lag of two years (r = − 0.75; p <
0.01), whereas the correlation between bloom season chl a and number 
of age-2 shrimp with a lag of two years was moderate (r = − 0.55; p =

0.02). 56% of the variation in the numbers of age 2-shrimp could be 
explained by the variation in concentrations of maximum chl a two years 
earlier (simple linear regression: y = 7.99–2.90 chl a; r = 0.56; p <
0.001; t = − 4.36; DW = 0.9). There was no significant correlation be-
tween the commercial shrimp catches (age-4 shrimp) in Disko Bay and 

represent selected species shown in Fig. 5B. B. Distribution map of selected dominant species, revealing a distinct latitudinal pattern. For reference, the solid line 
represents the May sea ice margin for 2000 CE (Fetterer et al. 2017), the approximate mid-period for the last several decades of surface sediment deposition. The 
September SSS for 2000 CE is also shown (http://marine.copernicus.eu/). C. Map showing the present-day (2013 CE and 2014) distribution of key diatom genera 
(Fragilariopsis, Thalassiosira and Chaetoceros) from phytoplankton samples (0-60 m water depth) along the West Greenland coast. For reference, the solid line rep-
resents May sea ice margin for 2014 CE (Fetterer et al. 2017). Bathymetry data source: GEBCO (http://www.gebco.net/). 

Fig. 5. (continued). 
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Fig. 6. Compilation of biological data for the Maniitsoq area and Disko Bay areas with wind conditions only available for the Maniitsoq area (Nuuk station; Asiaq). 
Biological data include satellite-derived chlorophyll a concentrations for maximum month (i.e. May) – solid line; and averaged for bloom season (i.e. April–Sep-
tember) – dashed line (http://www.esa-oceancolour-cci.org/); reconstructed diatom concentrations – solid line; and richness – dashed line (cores MSM343300, 
MSM343310 and SA13-ST3-16R); and age-2 shrimp catch data (trawl survey data; GINR). The vertical dashed line indicates a ‘productivity boom’ in 2001 CE in the 
Maniitsoq area. 
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the maximum chl a, either in the current year (r = 0.2; p = 0.43) or four 
years ahead (r = 0.12; p = 0.64). 

In the Maniitsoq area, there seem to be factors other than primary 
production controlling the abundance of age-2 shrimp, as the correlation 
between maximum chl a and number of age-2 shrimp with a lag of two 
years was weaker than in Disko Bay (r = − 0.49; p = 0.04). Only 25% of 
the variation in maximum chl a could explain the variation in the 
numbers of age-2 shrimp two years later (simple linear regression: y =
− 0.73 + 1.203 chl a; r = 0.25; p = 0.043; t = 2.21; DW = 0.93). How-
ever, there was a stronger correlation between the bloom season chl a 
and the number of age-2 shrimp two years later in this area (r = − 0.66; p 
= 0.004). Here, 44% of the variation in the abundance of age-2 shrimp 
could be explained by the variation in the concentrations of chl a two 
years earlier (simple linear regression: y = − 0.52 + 1.56 chl a; r = 0.44; 
p = 0.0039; t = 3.10; DW = 0.99). In contrast to Disko Bay, there was a 
correlation between concentrations of bloom season chl a and the 
commercial shrimp catches four years later (r = 0.49; p = 0.046). 
However, bloom season chl a is not the only factor controlling the 
catches, as variation in chl a could only explain 24% of the variation in 
catches (simple linear regression: y = 9306.8–8763.50 chl a; r = 0.24; p 
= 0.0456; t = 2.18; DW = 0.79). None of the statistical analyses carried 
out in this test revealed significant temporal autocorrelation. 

For the purpose of visual comparison, we also show accessory 
datasets of mean May wind speed and wind direction (only available for 
the Maniitsoq area), as well as reconstructed diatom productivity (only 

available for the Maniitsoq area) and species richness, as described in 
section 4.2.1. (Fig. 6). These comparisons revealed a diatom ‘produc-
tivity boom’ in c. 2001 CE in the Maniitsoq area (23.4 × 106 valves/g; 
Fig. 6), which is the year of the highest diatom concentration recorded 
since c. 1890 CE (see Fig. 7A). This ‘productivity boom’ is accompanied 
by high species richness (53 diatom taxa) and maximum chl a values 
(2.2 μg l− 1 for both maximum chl a and bloom season chl a), along with 
maximum mean May wind speed (6.8 m/s) throughout the observation 
period (1998–2016 CE; Fig. 6). The mean May wind direction in Man-
iitsoq area is typically SSE (163◦; Fig. 6). Interestingly, in both of the 
following years (2002 CE and 2003), very high age-2 shrimp catches 
were recorded in this region (nearly 3 bln t), the largest of the obser-
vation period 2001–2016 CE (Fig. 6). 

4.2. Environmental changes of recent centuries 

The Weighted Averaging Partial Least Squares (WAPLS) and 
Maximum Likelihood using Response Curves (MLRC) diatom transfer 
functions were tested for April/May SIC, July SST and September SSS. 
For WAPLS, a one-component model gave the lowest prediction error for 
all three variables under h-block cross-validation. Table 2 lists perfor-
mance statistics for each model. We choose the MLRC for all variables, 
both for reasons of consistency and because MLRC is less influenced by 
the confounding effects of correlated environmental variables (Juggins 
2013). The correlation between the observed and predicted April/May 

Fig. 7. A. Short sediment core data from the Maniitsoq area (SA13-ST3-16R): dominant diatom species (>1% of diatoms in all samples) along with species richness, 
diatom concentration and reconstructed environmental variables: April/May SIC, July SST and September SSS plotted against age (CE). Error bars indicate root mean 
square errors of prediction (RMSEP) under h-block cross-validation (see Table 2). Core depth (cm) and age markers (solid star) are also shown; the uncertainties of 
the age model are on the order of several decades in the lower parts of the core. Dominant diatom species are grouped according to their ecological preferences. Local 
Diatom Assemblage Zones (LDAZ) are marked. B. Short sediment core data from Disko Bay (MSM343310): dominant diatom species (>1% of diatoms in all samples), 
along with species richness and reconstructed environmental variables: April/May SIC, July SST and September SSS plotted against age (CE). Error bars indicate root 
mean square errors of prediction (RMSEP) under h-block cross-validation (see Table 2). Dominant diatom species are grouped according to their ecological pref-
erences. Local Diatom Assemblage Zones (LDAZ) are marked. C. Short sediment core data from Disko Bay (MSM343300): dominant diatom species (>1% of diatoms 
in all samples) along with species richness and reconstructed environmental variables: April/May SIC, July SST and September SSS plotted against age (CE). Error 
bars indicate root mean square errors of prediction (RMSEP) under h-block cross-validation (see Table 2). Dominant diatom species are grouped according to their 
ecological preferences. Local Diatom Assemblage Zones (LDAZ) are marked. 
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Fig. 7. (continued). 
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SIC and September SSS under robust h-block cross-validation using 
MLRC suggests that diatom-based transfer functions can be used for 
these variables. However, variance partitioning indicates that while 
both of these variables are significantly related to diatom assemblage 
composition, much of their explained variance is shared (Table 3). This 
is a common problem in many quantitative reconstructions (Juggins 
2013), and means that we cannot attribute the environmental signal 
modelled by the diatom-environment transfer function solely to the 
selected variable. However, if we assume that the relationship between 
SIC and SSS in the present-day dataset (see Sections 4.1.2 and 4.1.3) – in 
which each variable corresponds to different bloom stage (bloom sea-
son) – has remained broadly similar for the period of reconstruction, 
then we may reconstruct both variables, as long as we recognise that the 
two reconstructions are not independent. The correlation for July SST is 
weaker, and the prediction error (1.32 ◦C) is relatively large compared 
to expected changes over the period of interest. For this variable, vari-
ance partitioning indicates little joint effect with SIC or SSS. We there-
fore treat this reconstruction as largely independent, albeit weaker and 
with greater uncertainty. In the following reconstruction of the palae-
oenvironment, April/May SIC is considered a primary variable (i.e. best 
statistical scores), whereas both July SST and September SSS are sup-
porting variables (i.e. weaker statistical scores), representing (seasonal) 
water conditions and identified oceanographic trends rather than cur-
rent quantitative values. 

The number of taxa in the three short cores (76 in MSM343300, 73 in 
MSM343310 and 47 in SA13-ST3-16R), was similar to that in the surface 
sediment calibration dataset, and all were used in the transfer function. 
The most abundant taxa in Disko Bay were Thalassiosira sp. cf. spore1, 
C. curvisetus, F. cylindrus and P. glacialis; whereas in the Maniitsoq area, 
C. curvisetus, Thalassiosira sp. cf. spore1, T. antarctica var. borealis and 
Fragilariopsis oceanica were most abundant. Dominant species (> 1%) 
were grouped based on their ecological preferences, as identified from 
CCA diagrams (see Section 4.1.3; Fig. 5A), i.e. sea ice species and ice-free 
water species, and plotted together with reconstructed species richness, 
concentrations (only Maniitsoq core), and April/May SIC, July SST and 
September SSS (Fig. 7). 

4.2.1. South-West Greenland 
In the Maniitsoq area, SW Greenland, the reconstructed oceano-

graphic conditions indicate rather mild and stable spring-summer 
setting throughout the 17th to 19th centuries (c. 1630–1890 CE; Local 
Diatom Assemblage Zone 1; LDAZ1). This is reflected in minimum 
recorded April/May SIC (mean 1.3%) and overall low variability in July 
SST and September SSS. July SST shows a lack of a clear trend, and 
September SSS shows initially high (>34 PSU) but slightly decreasing 
values (Fig. 7A). In the period c. 1891–1990 CE (LDAZ2), oceanographic 
conditions continue to be mild in the SW Greenland shelf area. An initial 
peak in April/May SIC of 15% is followed by overall low values around 
4%. July SST and September SSS generally show slightly increasing 
trends during LDAZ2 (Fig. 7A). Recent decades (c. 1991–2009 CE; LDAZ 
3) are characterised by continued low April/May SIC values of c. 1.4% 
(Fig. 7A). July SST shows a slightly decreasing trend, whereas 
September SSS shows a slightly increasing trend (Fig. 7A), which may 
suggest the possibility of a longer summer (bloom) season in SW 
Greenland. 

The rather high reconstructed September SSS in the Maniitsoq area 
throughout the study period (>33.4 PSU) is primarily driven by the most 
abundant species in the core, i.e. C. curvisetus (Fig. 7A). The striking 
dominance of C. curvisetus can be attributed to the geographic distri-
bution patterns (see Fig. 4), possibly influenced by the modified Atlantic 
water masses along SW Greenland (i.e. the extension of Irminger Water, 
diluted by meltwater influx), which typically weakens towards the north 
(Ribergaard, 2014; Rysgaard et al. 2020). 

Reconstructed diatom productivity, expressed by diatom concen-
trations, showed the highest values during LDAZ1 (10-32 × 106 valves/ 
g), with pronounced peaks in c. 1760 CE, 1790 and 1880 (>30 × 106 

valves/g) (Fig. 7A). After this point (i.e. LDAZ2), a significant drop in 
diatom concentrations was recorded (< 11 × 106 valves/g), but with 
high levels of species richness (c. 45 species) (LDAZ2; Fig. 7A). Recent 
decades (LDAZ3) show a distinct peak in diatom concentration c. 2001 
CE (23.4 × 106 valves/g) and very high species richness (53 diatom 
taxa) (Fig. 7A). It should be noted that one sediment slice encompasses 
several years of deposition, and therefore the year c. 2001 CE is only an 
approximate time stamp. 

4.2.2. West Greenland 
During the period 1847–1990 CE (LDAZ2) oceanographic patterns 

correspond to decreasing spring sea ice cover and rather stable summer 
water conditions in Disko Bay, West Greenland, similar to the Maniitsoq 
area. Although April/May SIC shows a consistent decrease, from c. 50% 
to c. 35% (Fig. 7B–C), this is still relatively high compared to SW 
Greenland (Fig. 7A). July SST shows a slightly increasing trend until c. 
1960, followed by a slightly decreasing trend, while September SSS 
shows an overall slight increase (Fig. 7B–C). Recent decades 
(1991–2006 CE; LDAZ 3) are characterised by a continued decrease in 
April/May SIC in Disko Bay (minimum of 10%), a slightly decreasing 
July SST trend, and an increasing September SSS trend in core 
MSM343310 (Fig. 7B–C), similar to the trends found in the Maniitsoq 
area, which may suggest an influence of Atlantic water along the coasts 
of Greenland. 

Relatively high values of reconstructed April/May SIC in Disko Bay 
are primarily driven by sea ice diatoms, i.e. F. cylindrus and C. furcellatus, 
whereas ‘warmer’ water conditions are represented by diatom taxa 
belonging to the genus Thalassiosira, with particularly high abundances 
of Thalassiosira sp. cf. spore1 and T. antarctica var. borealis (Fig. 7B–C). 
Records from Disko Bay, as well as the Maniitsoq data, indicate that a 
decrease in sea ice cover may support high levels of species richness 
(Fig. 7A–C). 

4.3. Marine and terrestrial monitoring 

We have compared the reconstructed oceanographic trends from 
short sediment cores from Disko Bay and the Maniitsoq area with the 

Table 2 
H-block cross-validation performance statistics for WAPLS and MLRC.  

Model WAPLS MLRC  

RMSEP R2 RMSEP R2 

April/May SIC 18.7% 0.62 15.6% 0.76 
September SSS 0.54 PSU 0.60 0.52 PSU 0.69 
July SST 1.12 ◦C 0.65 1.32 ◦C 0.59 

WAPLS: Weighted Averaging Partial Least Squares; MLRC: Maximum Likelihood 
using Response Curves; RMSEP: root mean squared error of prediction; R2: 
squared correlation between observed and predicted values; SIC: sea ice con-
centration; SST: sea surface temperature; SSS: sea surface salinity. 

Table 3 
Results of variance partitioning - fraction of variance (%) in diatom assemblage 
data accounted for by each environmental variable.  

Variable Total Unique Shared 

April/May SIC 15.8 5.5 10.3 
September SSS 13.6 1.6 12.0 
July SST 15.5 11.2 4.3 
Joint effects    
SIC + SSS   7.3 
SSS + SST   1.2 
SIC + SST   0 
SIC=SSS + SST   3.4 

Table shows (top) total, unique and shared components for each variable, and 
(bottom) contributions due to the shared or joint effects of 2 or more variables. 
SIC: sea ice concentration; SST: sea surface temperature; SSS: sea surface 
salinity. 
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corresponding oceanographic data (SIC, start and break-up of sea ice, 
SST and SSS) and climatic data (atmospheric temperature) (Fig. 8). The 
time frame used here is 1895–2014 CE, during which the datasets have 
overlapping records. 

The general climatic pattern in both SW and W Greenland shows a 
consistent warming trend during summer (average for June–Sep-
tember), which is particularly pronounced in the last two decades 
(>6 ◦C) (Fig. 8A-B). One cooler period is observed in SW Greenland in 
1970–1995 CE (avr 4.8 ◦C). 

Reconstructed and satellite sea ice records show a rather high degree 
of variability and a consistent decrease in Disko Bay throughout the 20th 
and 21st centuries (Fig. 8C). However, higher April/May SIC are 
observed between 1990–1996 CE in satellite data, compared to recon-
structed data. Observational log data on coastal sea ice cover farther 
north (Upernavik area, north of Disko Bay) reveal long-lasting sea ice 
cover, i.e. from late November–December until late May–June, accom-
panied by rather high (c. 50%) reconstructed April/May SIC from 1895 
CE until at least 1920 CE (Fig. 8C). On the other hand, the Maniitsoq 
area is located in the sub-Arctic region, rather distant from the sea ice 
margin of Baffin Bay (see Fig. 1). Overall, therefore, low values for sea 
ice cover in both reconstructed and satellite data are recorded here 
(April/May SIC mostly <10%; Fig. 8D). 

The temperature-salinity set comprises monitoring summer SST and 
summer SSS for the 20th century, and July SST and September SSS for 
recent decades, as well as reconstructed July SST and September SSS. 
Monitoring SST and SSS data show very high variability (Fig. 8E-H), 
which may result from the conditions at the moment of measurement. It 
should be noted that the instrumental data were collected on an 
opportunistic basis and are inconsistent in the monthly record in the 
20th century, during which time measurements were typically taken 
between June and September, whereas the more consistent record in 
recent decades matches the reconstructed variables (see Table 1). The 
reconstructed SST and SSS data show minor variability but with rather 
large uncertainties (see Fig. 7). Nevertheless, the diatom-based SST and 
SSS estimates show values that are well within the range of prediction 
error, as well as are comparable to the present-day monitoring mea-
surements, both from Disko Bay and the Maniitsoq area (Fig. 8E-H). 
When comparing the general trends in the afore-mentioned datasets (see 
the dashed trendlines in the monitoring data; Fig. 8E-H), it appears that 
they are not very clear for the studied period. Only the last two decades 
show clear trends in monitoring SST and SSS data from the Maniitsoq 
area (Fig. 7F and H). 

5. Discussion 

This study compared four different datasets (satellite, microfossil 
(diatoms), shrimp assessment, and instrumental/observational moni-
toring) to better understand the present and past marine environment 
and ecology of the Baffin Bay-Labrador Sea area, as well as the impact of 
marine primary productivity on the higher trophic levels. This multi- 
dataset analysis therefore allows us to explore the spatial interactions 
between biota and the physical environment, and provides a temporal 
perspective on marine environmental conditions, in order to provide a 
better understanding of changing environmental conditions and trophic 
interactions in the study area. The last century provides an opportunity 
to conduct more accurate calibrations of environmental variables, due to 
the ongoing monitoring programmes that use daily and/or monthly 
remote sensing and in situ measurements. This highlights the need for 
greater precision in oceanographic reconstructions on a longer time 
scale, as well as a multi-proxy approach when assessing spe-
cies–environment relationships and marine productivity trends. 

5.1. Marine biotic environment 

The analysis of surface water phytoplankton productivity in the 
Baffin Bay/Labrador Sea waters across the last two decades showed an 

increase in (satellite-derived) chl a concentrations, primarily in Disko 
Bay, SW Greenland and the Labrador Sea, whereas no significant change 
was recorded along the coasts of Baffin Island and NW Greenland (above 
c. 71◦N) (Fig. 2). Our comparison between surface water phytoplankton 
and sediment-derived diatom data (Figs. 2–3), representing the key 
component of the recent phytoplankton blooms, confirms that the areas 
covered by long-lasting sea ice cover, such as Baffin Island and NW 
Greenland, favour low chl a and diatom concentrations, as well as low 
diatom species richness. The exception to this is the Hudson Strait, 
which shows low chl a concentrations but maximum observed diatom 
concentrations and species richness. The cause of the high diatom con-
centrations despite low chl a is uncertain but may potentially be linked 
to transport of specimens with currents. 

On the other hand, sea ice margin areas stretching to the south (Disko 
Bay, SW Greenland coast), and influenced by more saline, Atlantic- 
sourced waters, favour high chl a and diatom concentrations, as well 
as high diatom species richness. These Atlantic-sourced waters are 
attributed to the influx of the WGC (T 2.5–4 ◦C, S >34 PSU; Lloyd 2006) 
(see Fig. 1). In addition, the Labrador Sea and Labrador Peninsula coast 
show high diatom concentrations, which is consistent with the observed 
mass phytoplankton development along the marginal ice zone during 
Arctic spring blooms (Wassmann et al. 1999; Quillfeldt 2005). 

Across the study area, we can distinguish two key diatom groups, the 
sea ice group and the ice-free waters group. The sea ice group is repre-
sented mostly by pennate diatoms from genus Fragilariopsis and is 
characterised by the spring-like, ice/melting conditions observed in the 
northern Baffin Bay and along the sea ice margin on the Labrador 
Peninsula coast (Fig. 5A–C). On the other hand, the ice-free waters group 
is largely represented by centric mediophyceaen diatoms from the genus 
Thalassiosira, and characterised by summertime, open marine conditions 
linked to potential saline Atlantic water inflow into the southern Baffin 
Bay, Disko Bay and the Labrador Sea (Fig. 5A–C). 

5.2. Trophic connections 

The analyses of the relationship between the different marine trophic 
levels – surface water phytoplankton (satellite-derived chl a) and bottom 
feeders of age-2 and age-4 shrimp (trawl survey data and commercial 
catches) – in W and SW Greenland shows significant correlation between 
the two (data plotted in Fig. 6). Koeller et al. (2009) carried out a more 
detailed study on satellite-derived phytoplankton bloom dynamics and 
shrimp egg hatching, which shows that different populations of shrimp 
can adapt to bloom timing and local oceanographic conditions. The 
afore-mentioned study (among others) utilised data from both inshore 
and offshore Greenland. The comparison between phytoplankton and 
age-2 shrimp data, as well as diatom productivity and species richness, 
together with local weather conditions in the Maniitsoq area, indicates 
that the phytoplankton ‘productivity boom’ in 2001 CE was most likely 
driven by strong, spring-time wind conditions (Fig. 6). Generally, 
increasing phytoplankton productivity is expected to influence marine 
ecosystems in the sub-Arctic North Atlantic (Chan et al. 2017). This 
‘productivity boom’ in SW Greenland might have provided a food source 
for the shrimp population in the area, as high levels of age-2 shrimp 
catch were observed 1–2 years later (Fig. 6). Our data show that there is 
indeed a link between phytoplankton productivity and the abundance of 
larger marine organisms, which suggests that phytoplankton analyses 
may be used as a measure of general marine productivity, including the 
past time series data. 

5.3. Centennial trends in marine climate 

The diatom transfer function reconstructions from short sediment 
cores from Disko Bay (W Greenland) and the Maniitsoq area (SW 
Greenland) indicate that April/May SIC is the key factor controlling 
diatom assemblages. Transfer function models for July SST and 
September SSS are statistically weaker and their reconstructions are 
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Fig. 8. Comparative climate-ocean datasets from the Disko Bay and Maniitsoq areas for the time period 1895–2015 CE: (A-B) air temperature (summer; three-year 
mean with trendline; DMI), (C–D) satellite April/May SIC (http://www.osi-saf.org/) and start and break-up of sea ice (historical archive reports), (E-H) monitoring 
SST and SSS (summer and more recently, July for SST and September for SSS with trendlines; ICES), and (C–H) reconstructed April/May SIC, July SST, September SSS 
(cores MSM343300 – dashed line; MSM343310 – solid line; and SA13-ST3-16R; root mean square errors of prediction (RMSEP) under h-block cross-validation are 
also given). Vertical lines with arrows indicate time intervals with overlapping data records. 
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subject to large uncertainty, and we therefore only focus on general 
(seasonal) trends for these variables (see Tables 2–3). 

Our reconstructions suggest that throughout the 17th to 19th cen-
turies (i.e. c. 1630–1890 CE), oceanographic conditions in the sub-Arctic 
region off SW Greenland were characterised by low sea ice concentra-
tions, with high diatom productivity (Fig. 7A). This period corresponds 
to the end of the Little Ice Age in NW Europe (~1250–1800 CE), which 
in W and SW Greenland, the Labrador Sea and Reykjanes Ridge was 
considered a period of relatively ‘warm’ climate, associated with the 
negative North Atlantic Oscillation phase (Seidenkrantz et al. 2007; 
Miettinen et al. 2011; Keenlyside and Omrani 2014; Cabedo-Sanz et al. 
2016; Krawczyk et al. 2017; Harning et al. 2019). The Atlantic Multi-
decadal Oscillation (AMO) may also have contributed to the overall 
strengthening of the northward advection of high-salinity water masses 
from the Gulf Stream during some periods of the Little Ice Age (van der 
Schrier and Weber 2010). 

In the 20th century (i.e. c. 1891–1990 CE), low sea ice concentra-
tions with low diatom productivity were suggested for the sub-Arctic 
region of SW Greenland and decreasing sea ice concentrations in the 
Arctic region of W Greenland (Fig. 7A–C). A similar oceanographic 
pattern, i.e. reduced sea ice cover was identified in palynological ana-
lyses of sediment core MSM343310 from Disko Bay, using the Modern 
Analogue Technique method (Allan et al. 2018). Another diatom-based 
transfer function study from the W Greenland area, Holsteinsborg Deep, 
indicates a warmer water period c. 1930–1960 followed by a cold water 
period c. 1960–1990 (Sha et al. 2011), as is also reflected in our data 
from Disko Bay (Fig. 7B–C). In addition, the positive species richness 
trend identified in both areas might be linked to decreasing sea ice 
concentrations (Fig. 7A–C). 

The two most recent decades (i.e. c. 1991–2009 CE) revealed a 
continued decrease in sea ice concentrations, and a potentially longer 
summer season (Fig. 7A–C), with an influence of Atlantic-sourced waters 
within the WGC along the coasts of Greenland. The increased strength of 
the Irminger Current, south of Iceland, which is the source of the 
Atlantic component of the WGC, has been suggested since the mid-1990s 
(Mortensen and Vladimarsson, 1999). The continued high levels of 
species richness recorded in the last two decades are likely linked to a 
continued decrease in sea ice concentration (Fig. 7A–C). 

5.4. Recent climate change 

The reconstructed oceanographic trends using our diatom-based 
transfer function were compared with oceanographic and climatic 
data (i.e. satellite, monitoring and observational datasets) from corre-
sponding locations for the time period 1895–2014 CE (Fig. 8). 

The consistent summer warming of the climate, as observed along 
the W Greenland coast throughout the last century, and which has been 
particularly pronounced in the last two decades, has led to a significant 
decrease in sea ice concentration in the Arctic sector of West Greenland 
(i.e. Disko Bay). The sea ice concentrations generally show high vari-
ability throughout the study period, in both reconstructed and satellite 
data. In recent decades (1978–2014 CE), the datasets have overlapping 
records, which show that they are well correlated (Fig. 8C-D). Based on 
the Canadian Ice Service Digital Archive, reductions in sea ice cover 
linked to increases in air temperatures were observed across Baffin Bay 
and the Canadian Arctic Archipelago between 1986 and 2008 (Tivy et al. 
2011). This trend is supported by an increase in water salinity, partic-
ularly in the sub-Arctic (Maniitsoq area) sector of West Greenland 
(Fig. 8H), which is attributed to the recently observed stronger inflow of 
Atlantic water masses into Baffin Bay (Zweng and Münchow 2006). The 
AMO plays an important role in strengthening/weakening of the 
northward flow of high/low temperature-salinity water masses in the 
North Atlantic Ocean (van der Schrier and Weber 2010). 

6. Conclusions  

➢ The present-day chlorophyll a record of marine phytoplankton in the 
Baffin Bay-Labrador Sea area shows a clear spatial distribution 
pattern of i) low productivity and richness areas characterised by 
long-lasting sea ice cover; and ii) high productivity and richness 
areas characterised by the sea ice margin and an influx of Atlantic 
water.  

➢ Among diatoms, two distinct ecological groups can be distinguished, 
i.e. the sea ice group, represented mostly by pennate diatoms that 
favour spring-time melting in northern areas; and the ice-free waters 
group, represented mostly by centric diatoms that favour summer 
and open marine waters in southern areas. 

➢ Across marine trophic levels, there is a correlation between phyto-
plankton (especially diatoms) and shrimp catches in SW-W 
Greenland, which shows that a peak in phytoplankton productivity 
(which feeds benthic shrimp) may lead to high shrimp catch. This 
confirms a direct impact of the primary production on the later part 
of food chain, thus indicating that phytoplankton may be a good 
proxy for studying the marine food web productivity dynamics.  

➢ On longer timescales, comparison of different datasets focusing on 
decadal to centennial oceanographic trends shows a good correlation 
between the satellite, monitoring and observational data and diatom- 
based transfer function reconstructions, with sea ice concentration as 
the most statistically reliable variable.  

➢ Climate warming, which began at the beginning of last century and 
has been particularly pronounced in the last two decades, has 
resulted in a significant decrease in sea ice concentrations in W 
Greenland and an increased inflow of Atlantic-sourced waters in SW- 
W Greenland.  

➢ Our oceanographic reconstruction using three marine sediment cores 
suggests mild oceanographic conditions with low sea ice off SW 
Greenland during the end of Little Ice Age period, thus supporting 
previous reports on an anti-phase climatic conditions compared to 
NW Europe.  

➢ We encourage the use of multiple datasets and techniques that 
encompass bio-environmental information, as well as multi-proxy 
approaches, in order to present a more complete picture of the ma-
rine environment and climate, both present and past. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2020.110175. 
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Table S1 (Figs. 1–5) and Table S2 (Figs. 6-8). 
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Mélin, F., Vantrepotte, V., Chuprin, A., Grant, M., Jackson, T., Sathyendranath, S., 2017. 
Assessing the fitness-for-purpose of satellite multi-mission ocean color climate data 
records: A protocol applied to OC-CCI chlorophyll-a data. Remote Sens. Environ. 
203, 139–151. 

Merkel, F., Boertmann, D., Mosbech, A., Ugarte, F., 2012. The Davis Strait. A preliminary 
strategic environmental impact assessment of hydrocarbon activities in the eastern 
Davis Strait. In: Aarhus University, DCE – Danish Centre for Environment and 
Energy, Scientific Report from DCE – Danish Centre for Environment and Energy No. 
15, p. 280. 

Miettinen, A., Koç, N., Hall, I.R., Godtliebsen, F., Divine, D., 2011. North Atlantic sea 
surface temperatures and their relation to the North Atlantic Oscillation during the 
last 230 years. Clim. Dyn. 36, 533–543. https://doi.org/10.1007/s00382-010-0791- 
5. 

Møller, E.F., Juul-Pedersen, T., Mohn, C., Dalgaard, M.A., Holding, J., Sejr, M., 
Schultz, M., Lemcke, S., Ratcliffe, N., Garbus, S.E., Clausen, D.S., Mosbech, A., 2019. 
Identification of offshore hotspots. An integrated biological oceanographic survey 
focusing on biodiversity, productivity and food chain relations. In: Aarhus 
University, DCE – Danish Centre for Environment and Energy, Scientific Report No. 
357, p. 65. 

Moros, M., Lloyd, J.M., Perner, K., Krawczyk, D., Blanz, T., de Vernal, A., Oullet- 
Bernier, M.-M., Kuijpers, A., Jennings, A.E., Witkowski, A., Schneider, R., Jansen, E., 
2016. Surface and sub-surface multi-proxy reconstruction of middle to late Holocene 
palaeoceanographic changes in Disko Bugt, West Greenland. Quat. Sci. Rev. 132, 
146–160. 

Moros, M., Andersen, T.J., Schulz-Bull, D., Häusler, K., Bunke, D., Snowball, I., 
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