O 00 N O U B W N BB

[EEN
o

11
12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

manuscript submitted to Global Biogeochemical Cycles

Glaciers and Nutrients in the Canadian Arctic Archipelago Marine System

Maya P. Bhatia*, Stephanie Waterman?, David O. Burgess?, Patrick L. Williams?, Randelle M.
Bundy*, Travis Mellett*, Megan Roberts®, and Erin M. Bertrand>*

! Department of Earth and Atmospheric Sciences, University of Alberta, Edmonton, AB, Canada

2 Department of Earth, Ocean & Atmospheric Sciences, University of British Columbia,

Vancouver, BC, Canada

3 Geological Survey of Canada, Natural Resources Canada, Ottawa, ON, Canada

4 School of Oceanography, University of Washington, Seattle, WA, USA

°> Department of Biology, Dalhousie University, Halifax, NS, Canada

* co-corresponding

Key Points

Marine waters fed by tidewater glaciers in the Canadian Arctic have elevated macro- and micro-

nutrient concentrations

Upwelling of deeper marine waters drives macronutrient enrichments, while micronutrient

enrichments are driven directly by glacial discharge

As Canadian Arctic glaciers melt, local and regional marine productivity may be impacted by

changes in nutrient delivery
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Abstract

The Canadian Arctic Archipelago (CAA) is vulnerable to climate warming, and with over 300
tidewater glaciers, is a hotspot for enhanced glacial retreat and meltwater runoff to the ocean. In
contrast to Greenlandic and Antarctic systems, CAA glaciers and their impact on the marine
environment remain largely unexplored. Here we investigate how CAA glaciers impact nutrient
delivery to surface waters. We compare water column properties in the nearshore coastal zone
along a continuum of locations, spanning those with glaciers (glacierized) to those without (non-
glacierized), in Jones Sound, eastern CAA. We find that surface waters of glacierized regions
contain significantly more macronutrients (nitrogen, silica, phosphorus) and micronutrients (iron,
manganese) than their non-glacierized counterparts. Water column structure and chemical
composition suggest that macronutrient enrichments are a result of upwelling induced by rising
submarine discharge plumes, while micronutrient enrichments are driven directly by glacial
discharge. Generally, the strength of upwelling and associated macronutrient delivery scales with
tidewater discharge volume. Glacier-driven delivery of the limiting macronutrient, nitrate, is of
particular importance for local productivity, while metal delivery may have consequences for
regional micronutrient cycling given Jones Sound’s important role in modifying water masses
flowing into the North Atlantic. Finally, we use the natural variability in glacier characteristics
observed in Jones Sound to consider how nutrient delivery may be affected as glaciers retreat.
The impacts of melting glaciers on marine ecosystems through both these mechanisms will likely
be amplified with increased meltwater fluxes in the short-term, but eventually muted as CAA ice

masses diminish.
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Plain Language Summary

The Canadian Arctic Archipelago (CAA) contains many glaciers that are vulnerable to global
warming. Many of these glaciers terminate in the ocean, meaning that as they melt, they deliver
materials directly into the coastal ocean, often below the sea surface. This glacier meltwater can
deliver nutrients that may enhance marine productivity, but this has not yet been systematically
examined in the CAA. Here we compare concentrations of essential macronutrients (nitrogen,
silica, phosphorus), and micronutrients (iron, manganese) in areas with glaciers and without, in
the Jones Sound region of the CAA. We find elevated concentrations of nutrients in marine
waters surrounding areas with glaciers. The source of macronutrients are deeper marine waters
that are carried to the surface by rising glacier meltwater entering the ocean below the sea
surface, while the source of micronutrients is glacier meltwater itself. Much of the water that
flows from the Arctic Ocean into the North Atlantic does so through CAA passageways that
receive this glacier input. Understanding how glacier-driven nutrient delivery is likely to change
as the climate continues to warm will help us predict changes in marine productivity both locally
in the CAA and in regions of the North Atlantic that receive CAA water.
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1 Introduction

Delivery of meltwater and materials from glaciers to the ocean is accelerating due to climate
warming, with important and poorly-characterized consequences for the marine environment.
While the contributions of these shrinking ice masses to sea level rise are undisputed, their role
in marine biogeochemical processes is just beginning to be revealed. Recent studies have shown
that glacial meltwater discharge can affect nutrient supply (Bhatia et al., 2013; Hawkings et al.,
2015; Kanna et al., 2018), carbon export (Hawkings et al., 2017; Wadham et al., 2019),
carbonate chemistry (Cantoni et al., 2020; Fransson et al., 2015; Meire et al., 2015), fjord-scale
estuarine circulation (Lydersen et al., 2014; Straneo & Cenedese, 2015), and patterns of primary
productivity (Etherington et al., 2007; Hopwood et al., 2019; Juul-Pedersen et al., 2015). Climate
warming has significantly increased glacial melt and runoff (Bliss et al., 2014; King et al., 2020),
and glacial fluxes are predicted to increase further before ultimately disappearing. The Canadian
Arctic Archipelago (CAA) is a key hotspot for such changes (Cook et al., 2019; Gardner et al.,
2011), and after Greenland and Antarctica, is one of the largest contributors of glacier meltwater
to the global ocean (Box et al., 2018). Roughly two thirds of the water flowing from the Arctic
Ocean into the North Atlantic is routed through the CAA (Zhang et al., 2016). Yet, we know
little about the effects of shrinking glaciers in the CAA on regional and coastal hydrography and
biogeochemistry, and even less about their role in influencing the biogeochemistry of Arctic
waters as they make their way into the North Atlantic.

Elevated marine productivity associated with glaciers has been noted as early as 1938
around Greenland (Greisman, 1979; Hartley & Dunbar, 1938), and in 1973 in the most recent
study on this topic in the CAA (Apollonio, 1973). Contemporary work in Alaska (Etherington et
al., 2007; Hood & Scott, 2008), Svalbard (Halbach et al., 2019; Lydersen et al., 2014), and
Greenland (Hopwood et al., 2018; Meire et al., 2017) have highlighted the significant role that
glaciers might play in elevating key nutrient (e.g. nitrate, phosphate, silicate, iron) concentrations
in surface waters within fjords (Hawkings et al., 2016; Kanna et al., 2020; Kanna et al., 2018)
and beyond to the surrounding continental shelf (Cape et al., 2018). This glacial stimulation of
nutrient delivery may be particularly significant because it occurs during a critical period when
surface plankton are nutrient-limited after the spring bloom but when insolation is still plentiful

(Arrigo et al., 2017). Since nitrate is often the limiting nutrient in coastal Arctic summer surface
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waters (Randelhoff et al., 2020), it has been the particular focus of recent investigations (Beaton
etal., 2017; Kanna et al., 2018; Meire et al., 2017). In glacial fjords, a likely source of this
growth-limiting resource can be deep seawater entrained into the photic zone by low-density
meltwaters that rise rapidly through the water column near the glacier terminus (Hopwood et al.,
2018; Kanna et al., 2018; Meire et al., 2017). This mechanism of nitrogen delivery to surface
waters can however only be present downstream from tidewater glaciers where the meltwater
discharge exits the ice front well below the surface (Hopwood et al., 2018). In contrast,
meltwater runoff from land-terminating glaciers which discharges to marine waters at the
surface, forms a surface freshwater cap, stratifying the water column and impeding vertical
transport of nutrient-rich deeper waters (Hopwood et al., 2019). Previous studies in Greenland
comparing fjords with tidewater and land-terminating glaciers have observed markedly
decreased productivity in the latter (Holding et al., 2019; Meire et al., 2017). In tidewater glacial
fjords, primary productivity is often enhanced distal to the glacier front when the majority of the
discharge sediment has settled out and turbidity decreases (Juul-Pedersen et al., 2015; Kanna et
al., 2018; Meire et al., 2017). The enhanced primary productivity in association with tidewater
glaciers has been tied to greater fixed carbon export to the deep ocean via a stronger biological
pump (Hawkings et al., 2018b; Seifert et al., 2019). Finally, this positive effect on primary
production appears to extend up the food chain, as tidewater glaciers in Greenlandic fjords have
been associated with locally-enhanced harvest of higher trophic levels (e.g., fish, seals) (Everett
et al., 2018; Meire et al., 2017). Pre-dating formal scientific studies is traditional knowledge
from Inuit communities which indicates that waters off the termini of tidewater glaciers are rich
in wildlife (J. Qaapik, Grise Fiord Rangers). In addition, seabirds have long been known to
congregate at the calving front, foraging on zooplankton brought to the surface by the rising
subglacial freshwater plume (Lydersen et al., 2014).

Glaciers can also play an important role in metal micronutrient delivery and cycling. In
particular, glacial meltwater has been shown to be enriched in iron (Fe) and some other metal
micronutrients like manganese (Mn) as a result of weathering processes, suggesting that this
meltwater may serve as a direct source of metals to the ocean (Bhatia et al., 2013; Hawkings et
al., 2014). However, many unknowns remain about how much of the metals delivered by glaciers
is ultimately bioavailable in the ocean (Hopwood et al., 2019; Wadham et al., 2019). Factors

influencing this include the degree of estuarine removal (Boyle et al., 1977), the mineralogy of
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the glacial system (Hawkings et al., 2018a; Raiswell et al., 2018), and organic carbon
interactions (Zhang et al., 2015), each of which are expected to vary considerably between
glacier systems. Estimates of the spatial scales over which glaciers can influence marine metal
availability in the ocean are variable and uncertain, but range from 10s to 100s of kilometers
(Hopwood et al., 2019), suggesting that both local and regional metal cycling may be influenced
by glaciers. Marine systems off Greenland and Antarctica can be micronutrient limited
(Hawkings et al., 2014; Krisch et al., 2020), and so constraining micronutrient delivery from
glacier meltwater can be important for determining the impact of glaciers on local productivity in
those systems. While metal micronutrients are not expected to limit productivity in the CAA,
they can be present in extremely low concentrations in Baffin Bay and regions of the North
Atlantic (Colombo et al., 2020) that are fed by waters modified in the CAA (Zhang et al., 2016).
As such, the role of CAA glaciers in metal micronutrient delivery and cycling has the potential to
impact regional phytoplankton growth and carbon cycling.

Much of our current understanding about the impact of glaciers on marine
biogeochemistry and productivity is based on studies conducted in Greenland, yet, glaciers in the
CAA are distinct in important ways. One difference of particular significance to nutrient delivery
is that of the grounding line depth typical of the CAA. The CAA is dominated by smaller,
shallower marine-terminating glaciers. In the northern CAA (Queen Elizabeth Islands)
grounding lines are on average ~230-m depth, shoaling even more in the southern CAA (Baffin
and Bylot Islands) to an average of ~100-m depth (Van Wychen et al., 2014; Van Wychen et al.,
2015). Indeed, only eight glaciers across the whole region have grounding lines greater than 300-
m depth (Van Wychen et al., 2015). By comparison, many outlet glaciers draining the Greenland
Ice Sheet terminate into fjords at depths of 600 m or more (Carroll et al., 2016). Previous studies
of Greenlandic glacier systems have identified grounding line depth as a primary control on the
degree to which the plume-driven entrainment delivers macronutrient-enriched deep seawater to
the photic zone (Hopwood et al., 2018; Oliver et al., 2020). Using a subglacial discharge plume
model for an idealized Greenlandic-like marine-terminating glacier, Hopwood et al. (2018)
estimate that the optimum grounding line depth for nitrate upwelling into the photic zone occurs
at 580-m depth. These model results show that a key control on nitrate supply to the photic zone
is the relationship between the meltwater discharge depth and the nutricline depth: at shallower

glaciers where submarine discharge shoals, meltwater plumes are no longer expected to entrain
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seawater below the nutricline and nitrate supply to the photic zone is expected to be diminished.
However, there are limited observations at glaciers with grounding lines less than 250-m depth;
as such the impacts of shallow tidewater glaciers with respect to nutrient delivery remain largely
unknown. Today, coastal areas with many glaciers, like West Antarctica, Greenland, Svalbard,
the Gulf of Alaska and the CAA, disproportionately experience the impacts of glacial meltwater
on their marine ecosystems and, in the future, the inevitable changes that will ensue as tidewater
glaciers retreat due to climate warming. Understanding how these impacts vary with differing
meltwater fluxes and depths of tidewater glacier input is important for accurate future projections
of high-latitude marine ecosystem productivity and nutrient cycling as the climate changes.

In this study we investigate how tidewater glacier input impacts water column properties
and nutrient delivery to the euphotic zone at six sites in the CAA which represent a spectrum of
glacier forcing with respect to depth and volume of meltwater discharge. Our study builds
directly on the most recent investigation exploring the impact of glaciers on nutrients in the
marine environment in the CAA, conducted half a century ago in Jones Sound, NU Canada
(Apollonio, 1973). Jones Sound is home to the Inuit hamlet of Ausuittuq (Grise Fiord) and is a
marine region surrounded by glaciers draining large ice fields and caps on Ellesmere and Devon
Islands. Traditional knowledge from hamlet community members indicates that the termini of
tidewater glaciers in this region are rich in wildlife, providing hunting grounds for hamlet
citizens. Here, we explore the nearshore coastal zone of a continuum of systems in this region.
These sites span those which are presently occupied by relatively deep (> 200-m depth) marine-
terminating glaciers with a large proportion of their calving front in the ocean, to sites with
shallow (< 50-m depth) tidewater glaciers, and finally to sites with no glaciers present. As Arctic
temperatures continue to rise, most tidewater glaciers in the CAA will experience accelerated
melting, inevitably retreat from the ocean, and ultimately disappear (Cook et al., 2019). As a
result, any glacially-mediated delivery of macro- and micro-nutrients to the marine environment
will likely increase in the short term and then cease, thus fundamentally altering the hydrography
and biogeochemistry of the CAA coastline. Results from this study further our understanding of
glacier-ocean interactions in the CAA and beyond, providing baseline data critical for
understanding the implications of melting glaciers on marine ecosystem productivity, function
and health.
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2 Study Site

2.1 Glacier Inputs

Qikigtaaluk (Jones Sound, Nunavut Canada) is a waterway situated between Devon and
Ellesmere Islands in the Canadian Arctic Archipelago (CAA) that is inundated each summer
with glacial meltwater draining the Devon Ice Cap on Devon Island to the north and the Sydkap
and Manson Ice Fields on Ellesmere Island to the south.

The 12,050 km? (3,980 km?®) Devon Ice Cap is one of the largest ice masses in the CAA.
It is comprised of a cold-based interior frozen to the bed, and is drained by fast-flowing warm-
based dynamic outlet glaciers (Burgess et al., 2005; Dowdeswell et al., 2004; VVan Wychen et al.,
2017) most of which terminate at tidewater. The 42-km long Belcher Glacier drains the northeast
sector of the Devon Ice Cap, terminating in eastern Jones Sound into a region open to Smith
Sound and the head of Baffin Bay (Figure 1). Ice flow velocities in the heavily crevassed
terminus region of Belcher Glacier have been accelerating steadily over the past decade,
exceeding 600 m per year in 2020 (Wychen et al., 2021). Consequently, mass loss due to iceberg
calving from the Belcher Glacier accounts for >50% of the mass loss due to calving from all
tidewater glaciers on Devon Ice Cap. Sea-floor mapping surveys reveal water depths of ~200 m
near the terminus until a sharp break in slope ~2 km from the ice front, beyond which depths
eventually reach > 600 m in the open ocean, ~10 km from the Belcher Glacier terminus
(Batchelor et al., 2016). To the west of Belcher Glacier, the 26-km long Sverdrup Glacier drains
northward from Devon Ice Cap to enter Brae Bay in the south-central region of Jones Sound.
Previous studies have shown that the Sverdrup and Belcher Glaciers both respond dynamically to
summer meltwater which acts to enhance flow by reducing friction along the glacier margins and
bed (Cress & Wyness, 1961; Danielson & Sharp, 2017). However, with a calving front less than
60 m thick and a flow of only ~40 m per year, Sverdrup Glacier is not a significant source of
iceberg discharge in comparison to Belcher Glacier. The bathymetry seaward from Sverdrup
Glacier is relatively unknown apart from limited observations of shallow water depths (< 10 m)

up to 10 km from the glacier terminus as indicated in marine charts (Canadian Hydrographic



228
229
230
231
232
233
234
235
236
237
238
239
240

241
242
243
244
245
246
247
248
249
250
251

manuscript submitted to Global Biogeochemical Cycles

Services Chart V-7310-CA273424) and exposed rock outcrops ~8 km offshore visible in
LandSat imagery.

In comparison to the well-studied Devon Ice Cap (Boon et al., 2010), markedly little is
known about both the Sydkap and Manson Ice Fields on nearby Ellesmere Island. The 31-km
long Sydkap Glacier is located at the head of South Cape Fiord, which is also occupied by
several smaller tidewater glaciers. South Cape Fiord is ~25 km long, terminating in western
Jones Sound (Figure 1). Similar to Belcher Glacier, the Sydkap Glacier terminus has been
accelerating steadily over the past decade and is currently flowing at ~200 m per year (Wychen
et al., 2021). Approximately 120 km to the east, the 36-km long Jakeman Glacier, which drains
the Manson Ice Field, terminates into the northeast sector of Jones Sound, but is less exposed to
Baffin Bay compared to the terminus of Belcher Glacier. Similar to Sverdup and Belcher
Glaciers (Dowdeswell et al., 2004), the termini of both Sydkap and Jakeman Glaciers are

grounded with no evidence of floating tongues (Copland et al., 2003).

As described below, we examine the influence of these glaciers on the marine system
through comparisons with nearby non-glacierized sites situated within similar geologic settings.
The two non-glacierized sites we examine are Truelove and Grise Fiord (Figure 1). The Truelove
site is located in a non-glacierized lowland region of Devon Island, ~30 km from Truelove Inlet.
It receives freshwater input from the Truelove and Gully Rivers. By comparison, Grise Fiord is a
long, narrow fjord extending ~38 km inland, with no glaciers reaching its shore. Geologically,
the glacierized sites of Sydkap and Jakeman Glaciers and the non-glacierized site of Grise Fiord
are all surrounded by Cambrian, Ordovician, and Silurian dolomites, limestones, sandstones and
gypsum (Harrison et al., 2015). The non-glacierized site near the Truelove lowlands, as well as
the glacierized sites of the Sverdrup and Belcher Glaciers, are all underlain by Canadian Shield

granite, gneiss, and quartzite (Harrison et al., 2015).
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Figure 1. Map of study area in Qikigtaaluk (Jones Sound, Nunavut) in the Canadian Arctic Archipelago
using a MODIS image of the region from August 15, 2019. Blue boxes highlight six primary study sites,
consisting of four tidewater glacier sites (Belcher, Sydkap, Sverdrup, and Jakeman Glaciers) and two sites
without glaciers (Truelove and Grise Fiord). Insets to the left and right show enlarged views of the study
sites using Landsat imagery from July and August 2019. Marine sampling stations are indicated by
yellow symbols. Transects out from the glacier terminus / non-glacierized coast are indicated by the white
lines. Insets above show the S/Y Vagabond from which shipboard operations were conducted and the
location of the study area (black box).

2.2 Oceanographic Setting

The CAA is a transitional region where nutrient-rich Pacific waters that enter the Arctic Ocean
via the Bering Strait are modified en route to Baffin Bay (Michel et al., 2006). Within the various
channels of the archipelago, mixing and water mass modification occur, but the nutrient

signatures of the Pacific source waters and, in particular, the signature of high silicate

10
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concentration, remain (Michel et al., 2006). Waters arrive into Jones Sound from the deep basins
of Arctic Ocean via pathways through the archipelago to the west, specifically via Hell Gate and
Cardigan Strait, two narrow channels with strong southerly currents (Melling et al., 2008; Zhang
et al., 2016). Waters also arrive into Jones Sound from the east, from northern Baffin Bay and
Nares Strait, via Glacier Strait (Barber & Huyer, 1977). Circulation within Jones Sound is
generally counter-clockwise, flowing westward on the north side (Ellesmere Island) and
eastward on the south side (Devon Island), with outflow via Lady Ann Strait to Baffin Bay and
ultimately the North Atlantic Ocean via Davis Strait (Barber & Huyer, 1977; Melling et al.,
2008; Zhang et al., 2016). Outflow from Jones Sound is estimated to be ~17% of the total CAA
outflow to the North Atlantic (Zhang et al., 2016).

3 Methods

3.1 Glaciological Comparisons

To better understand the different glacier systems examined in this study, we characterized
several key attributes central to determining glacial forcing of nutrient delivery to the ocean
including: terminus width, recent terminus retreat, the rate of summer meltwater runoff, ice
thickness at the terminus, and elevation of the glacier bed at the terminus. The datasets used for

basin delineation and to infer glacier terminus width and retreat are shown in Table S1.

We manually digitized high resolution (15 m) panchromatic band Landsat-7 Enhanced
Thematic Mapper and Landsat-8 Operational Land Imagery obtained from the United States
Geological Survey (https://earthexplorerusgs.gov/) to infer terminus width (total and marine

portions) as well as terminus retreat since 1999. We achieved maximum image contrast by using
images acquired under snow-free/clear sky conditions. We corrected imagery for radiometric and
geometric distortions (Burgess & Sharp, 2004; U.S.G.S., 2019), and projected to the UTM
WGSB84, Zone 17 coordinate system. We assumed that error in our measurements of glacier
terminus width, derived from manually digitizing irregular line features in the LandSat images,
was one percent of the total length measured (Keefer et al., 1991). Additional errors in

measurements of glacier terminus retreat are due to the spatial co-registration between the 1999

11
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and 2019/2020 individual images. Based on the maximum horizontal displacement measured
between several prominent bedrock features common in both images, we found the maximum
co-registration error for all image pairs to be +/- 100 m in a northwest-southeast orientation.
Thus, we estimated the total error, calculated from the square root sum-of-squares for human and

co-registration error, to be +/- 116 m.

Cumulative daily melt runoff during the summer of 2019 was modelled from the
RACMO2.3 surface mass balance (SMB) model as described in (Williams et al., submitted).
Uncertainties in the volume of meltwater fluxes were established through comparing the gridded
RACMO2.3 SMB data with in-situ surface mass balance measurements from the Sverdrup
Glacier basin as described in (Williams et al., submitted). Due to a lack of in situ measurements
in the Sydkap, Jakeman, and Belcher basins, the uncertainties established for the Sverdrup basin

were applied to all basins in this study as reported in Table 1.

Measurements of ice thickness at the terminus and elevation of the glacier bed at the
terminus of the four glaciers examined in this study were collected in 2012 and 2014 as part of
the NASA Operation Ice Bridge program (Paden, 2010, updated 2019). Ice thickness was
measured from the Multi-coherent On-board Radar Depth sounder (McORDs) flown at a
nominal height of 500 m above the ice surface; these measurements detected the ice-bed
interface with an accuracy of +/-10 m (Gogineni et al., 2001). These data were tagged with
precise GPS and laser altimetry ice surface height data to provide spatial accuracy of +/- 10 cm.
While the flights attempted to follow the glacier centerlines, deviations from this path occurred
by up to several hundreds of meters, primarily along non-linear sections of the target glaciers.
The centreline transect data giving ice and bed elevation for each of the four glaciers are
presented in Dataset S1. Here we used the elevation of the glacier bed at the terminus along this
nominal centreline as an estimate for grounding line depth which we equated to depth of

submarine discharge in the ocean.

3.2 Marine Sampling

We undertook marine field work in August 2019 aboard the polar S/Y Vagabond wherein we

sampled four glacierized (i.e. proximate to Belcher, Sydkap, Sverdrup, and Jakeman Glaciers)

12
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and two non-glacierized (i.e. at the Truelove, Grise Fiord sites) fjords/bays within Jones Sound
(Figure 1). In total, we occupied 37 stations in Jones Sound across our six sites (Table S2). In the
glacierized fjords/bays, we took samples as close to the glacier calving front as possible and then
transected out to open sound water in an effort to track the meltwater plume progression (Figure
1). At Belcher Glacier, we sampled seven stations between 1 km and 7.2 km of the terminus; at
Sydkap Glacier, six stations between 0.29 km and 30 km of the terminus; at Sverdrup Glacier, 12
stations between 0.70 km and 26 km of the terminus; and at Jakeman Glacier, six stations
between 2.3 km and 19 km of the terminus. We similarly sampled the two non-glacierized sites
(Truelove, Grise Fiord) similarly, beginning nearshore and transecting offshore (Figure 1). At
Truelove, we sampled three stations between 0.65 km and 3.5 km of shore. At Grise Fiord, there
is a constriction ~10 km from the head of the fjord, and we sampled three stations between 2 km
and 15 km from this constriction point. The distance from shore/the glacier front where we began
each transect was necessarily different due to differences in glacier hazards, bathymetry, and sea

ice.

3.3 In situ Measurements

We collected in situ measurements of various water column properties using a RBR maestro®
multi-channel logger (RBR Ltd, Ottawa) equipped with sensors for conductivity, temperature,
pressure, dissolved oxygen, photosynthetic active radiation, chlorophyll a (Chl a), and turbidity.
At each station, the logger was equilibrated at 5-m below the surface before being raised and
lowered again via a hand-winch operated at a consistent speed of ~ 0.5 m/s. All data presented
here was collected during the downcast. We processed the sensor measurements with the Ruskin

software (https://rbr-global.com/products/software) and GSW Oceanographic Toolbox of TEOS-

10 (McDougall & Barker, 2011), and averaged the data in 1-m depth bins. We present transect

contour plots of all logger data in the Supplementary Material (Dataset S2).

3.4 Sample Collection and Analyses

We collected water column bottle samples using 10-L Model 1080 (non-metallic) GO-FLO

sample bottles, with a Teflon coated messenger (General Oceanics, Miami). We dismantled and
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cleaned the GO-FLO bottles prior to use, according to seawater trace-metal clean procedures (i.e.
0.1% Citranox soak, 3x MilliQ water rinse, isopropoal rinse, 12h 1.2M hydrochloric acid (HCI)
soak, and 3 x MilliQ rinse, as described in Cutter and Bruland (2012)). We selected depths at
which the bottles were triggered for sampling using the real-time logger profile to capture
specific aspects of water column structure at each station. We generally collected samples at the
surface, at the deep chlorophyll maximum (DCM) (if present), and at one or two deeper levels
between 50 and 400 m depth. An exception is at Jakeman Glacier where the deepest bottle
sample we could take was at 40 m depth due to challenging weather conditions.

We collected macronutrient (nitrate, NOs"; nitrite, NO2"; ammonia, NH3s*; phosphate,
PO4%*; and silicate, SiO4) samples by directly filling a 60-mL syringe through silicon tubing from
the GO-FLO bottle, and filtering through a 0.22 um polyethersulfone (PES) syringe filter into
clean (3.7% HCI soaked, MilliQ water rinsed), 3x sample-rinsed 20-mL HDPE plastic
scintillation vials. We immediately froze nutrient samples upon collection, and these remained
frozen until analysis. Nutrient concentrations were analyzed within 1 month of collection on a
Skalar SAN++ Continuous Flow Nutrient Analyzer at the CERC.OCEAN Laboratory (McGrath
et al., 2019). The limits of detections for NOs", NO2", NHs*, PO4*, and SiO4 concentrations were
0.3,0.15, 0.01, 0.2, and 0.08 puM respectively.

Samples for total dissolvable metals were first collected from the GO-FLO bottle water
on deck before any other water samples were acquired. Wearing trace metal grade gloves, we
rinsed the GO-FLO spigot with dilute trace metal clean HCI and then 3x rinsed and filled trace
metal clean 60 mL high density polyethylene (HDPE) bottles with unfiltered water, directly from
the cleaned spigot. Metal samples were acidified with quartz distilled HCI (Thermo Fisher) to
0.024 M HCI (pH ~1.7-1.8) at the University of Washington and were left acidified for at least 6
months. Quantification of Fe and Mn concentrations was achieved by inductively coupled
plasma mass spectrometry (ICP-MS). Acidified total dissolvable samples were syringe filtered
through a 0.2 um polycarbonate track etched (PCTE; check this) rinsed with 5% v/v Trace Metal
Grade™ nitric acid (HNOs; Thermo Fisher). The filtrate was then diluted by adding 125 pL to a
final volume of 5 mL of 2% v/v quartz distilled nitric acid (Thermo Fisher). The dilutions were
measured on an iCap ICP analyzer (Thermo Fisher) at the University of Washington and are
reported here as total dissolvable Fe and Mn (TdFe, TdMn). Macronutrient and metal

micronutrient concentrations for each sample is shown in Table S3.
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We also collected water samples to analyze for Chl a concentration (Table S3) to validate
the trends observed in the logger sensor data. We collected these samples from the GO-FLO
bottle with silicon tubing into 3x sample-rinsed amber HDPC plastic bottles, and gently vacuum
filtered through a 47-mm GF/F (Whatman) membrane in the dark. Generally, we filtered
between 600-1600 mL of seawater for each Chl a sample. We wrapped the filter in foil and flash
froze it in a liquid nitrogen charged dry shipper for transport, which remained frozen until
analysis. We measured Chl a concentrations using a Turner Design AquaFluor Handheld
Fluorometer following the EPA Method 445 (Arar & Collins 1997). We calibrated the
fluorometer using a pure Chl a standard (C5753, Sigma). The limit of detection was 0.024 ug per
liter seawater.

We performed all subsequent data analysis in the open-source programming language R
using the readr, tidyverse, dplyr, patchwork, forecast, ggplot2, esquisse viridis and
LakeMetabolizer packages. The numbers of samples and stations displayed in Figures 2-4 are

summarized in Table S2.

4 Results

4.1 Glaciological comparisons

Table 1 summarizes key glaciological features of the four glacierized sites. Since 1999, the
terminus positions of all four glaciers have retreated between 217 m and 1,928 m (+/- 100m).
Other notable features are: (1) the summer meltwater discharge (not including the mass loss due
to calving) from each glacier is a similar order of magnitude, with Belcher Glacier having the
largest flux, followed by Jakeman, Svedrup, and Sydkap; (2) with the prominent exception of
Jakeman Glacier (<25%), all glaciers have a large (>80%) proportion of their terminus cliff
submerged in the ocean; (3) solid ice discharge through calving is approximately an order of
magnitude greater from Belcher Glacier than all other glaciers in this study combined; (4) the
submarine discharge at Sverdrup and Jakeman Glaciers is likely being released at a much

shallower depth (<50 m depth) in comparison to that at the Belcher and Sydkap Glaciers (>200
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m depth and >100 m depth, respectively). We expect that the submarine discharge is likely
released at a greater depth than the bed elevation where the ice thickness was measured (listed in
Table 1), since the meltwater streams likely erode deeper channels at the ice-bed interface where
they exit the glacier (Catania et al., 2018). At Sverdrup Glacier in particular, we estimate the
submarine discharge depth to be > 30 m at the main discharge portal (Williams et al., submitted).
There are several physical factors that determine a tidewater glacier's potential influence
on the recipient marine environment, such as the proportion of the ice terminus in the water, the
depth of meltwater discharge into the ocean, and the meltwater discharge flux (Hopwood et al.,
2019; Oliver et al., 2020; Wadham et al., 2019). Based solely on the proportion of the ice
terminus in the water, we can broadly classify the marine environment distal to Belcher, Sydkap,
and Sverdrup Glaciers as “strongly-tidewater-glacier-influenced” systems. We can classify
Jakeman Glacier, comparatively, as a “weakly-tidewater-glacier-influenced” system, since 75%
of its terminus is on land. By also considering the depth of submarine discharge and the
meltwater flux, we can organize the four glaciers in this study along a continuum of stages in
glacier retreat, with Belcher Glacier, the deepest tidewater glacier, and Jakeman Glacier, a
glacier in recession to a land-terminating system, as the two extremes. Sydkap and Sverdrup
Glaciers, with their intermediate grounding line depths (corresponding to the elevation of the
glacier bed at the terminus listed in Table 1) and intermediate summer runoff fluxes, fall in

between these extremes.
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Table 1. Summary of characteristics of tidewater glaciers examined in this study. Bias-corrected melt
runoff fluxes are reported for the 2019 summer melt season. Basin areas are from the Randolph Glacier
Inventory v6 (RGI Constortium, 2017). Uncertainties for summer melt run-off flux, annual calving flux,
elevation of the glacier bed at the terminus, and terminus retreat are indicated in brackets. Values in the

last three columns (¥) were measured at the centerline only. The submarine discharge depth at Sverdrup

Glacier (*) is likely deeper than indicated by the elevation of the glacier bed down the terminus centerline
(details provided in text). Values for annual calving flux were obtained from Van Wychen et al. (2020).
Ice thickness and elevation of glacier bed at the termini were obtained from NASA geophysical aerial
surveys conducted in 2012 and 2014 (see Methods).

Glacier Location Basin | Glacier Width of Summer | Annual Ice Elevation
Area | Terminus | Marine Melt Calving | Thickness | of Glacier
(km?) | Width Terminating | Run-Off | Flux at Bed at
(km) Portion (km) | Flux (Gtly) Terminus | Terminus
(Gtiyr) (m)¥ (mas.l)¥
Belcher Devonlce | 1134 | 11.9 9.8 0.75 0.29 271 -239
Cap, (0.14) (0.031) (10)
Devon Is.
Sydkap Sydkap Ice | 491 3.09 3.09 0.13 0.042 190 -140
Field, (0.06) (0.007) (10)
Ellesmere
Is.
Sverdrup | Devon Ice | 805 5.12 5.12 0.34 0.006 25 -21*
Cap, (0.10) (0.004) (10)
Devon Is.
Jakeman | Manson 670 12.9 3.1 0.55 N/A 51 -36
Ice Field, (0.08) (10)
Ellesmere

Is.

4.2 Comparisons of glacierized vs. non-glacierized marine sites

By comparing water properties in the near-surface ocean waters of glacierized (i.e. proximate to
Belcher, Sydkap, Sverdrup, Jakeman Glaciers) and non-glacierized (i.e. at the Truelove, Grise
Fiord sites) marine regions, we reveal stark contrasts in nutrient and turbidity distributions, but
not Chl a concentrations (Figure 2). Mean, median, and maximum concentrations of all
macronutrients (NOz", PO4*, SiO4, and NHs*) as well as TdFe and TdMn in the upper 40 m of
the water column (surface) were consistently higher at the glacierized compared to the non-
glacierized sites (Table S4). Using a non-parametric Wilcoxon Rank Sum test to assess the
significance of the differences, we show that nitrate, phosphate, silicate, iron, and manganese
concentrations were all significantly (p < 0.01) higher in the samples from the glacierized sites.

In contrast, ammonia concentrations were not significantly different between the glacierized and
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non-glacerized sites (p > 0.05). Predictably, turbidity was significantly higher at the glacierized
sites (p < 0.0001), consistent with the sources of particulate material being added to the marine
system from the glaciers. As a result of these particle loads, the euphotic zone (calculated at
0.1% surface irradiance) was significantly deeper in the less turbid non-glacierized regions (p <
0.0001). Chl a, which may be influenced by both nutrient and light availability, was similar

between the glacierized and non-glacierized regions (p > 0.05).
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473

474  Figure 2. Comparisons of near-surface (upper 40 m) ocean water properties at glacierized (proximate to
475  Belcher, Sydkap, Sverdrup, and Jakeman Glaciers) and non-glacierized (Truelove, Grise Fiord) sites. The
476  individual bottle sample measurements are shown for macronutrient concentrations (a-d) (n = 60,

477  glaciated and n = 11, unglaciated) and total dissolvable metal concentrations (e, f) (n = 41, glaciated, n =
478 9, unglaciated). Turbidity (g) and Chl a (i) data are from continuous sensor measurements through the
479  water column. For euphotic zone depth (h), estimates (corresponding to 0.1% of surface PAR) at

480 individual stations (n = 31, glaciated and n = 6, unglaciated) are shown. Note the log scale for Fe, Mn,
481  turbidity and Chl a. The black bold horizontal line indicates the median value, and the lower and upper
482  hinges correspond to the first (25+) and third (75v) quartiles, respectively. The whiskers extend to 1.5
483  times the interquartile range (distance between first and third quartile) in each direction, with outlier data
484  beyond the whiskers plotted individually. Numbers of samples / stations are given in Table S2.

485

486 By comparing water properties as a function of distance from the glacier front/shore, we

487  find systematic trends in surface nutrient concentrations and turbidity at glacierized sites (Figure
488  3), suggesting that differences between the glacierized and non-glacierized sites are linked to

489  glacial activity. Specifically, we observed the highest median concentrations of NOs", PO+,
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SiOa4, TdFe and TdMn in closest proximity to the glacier terminus. Comparatively, the non-
glacierized sites exhibited no systematic relationship for any nutrient with distance from shore.
Turbidity was also highest (median = 9.6 NTU) and the euphotic zone depth was the shallowest
(median = 8.5 m) at the stations closest to the ice front, with turbidity decreasing and euphotic
zone depth increasing with distance away from the terminus. In contrast, concentrations of Chl a,
which were more uniform between the glacierized and non-glacierized regions (Figure 2),
exhibited no systematic pattern in correlation with distance from the ice front, near-surface major

nutrient concentrations, or euphotic zone depth.
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Figure 3. Comparisons of surface (upper 40 m) ocean water properties in glaciated (proximate to Belcher,
Sydkap, Sverdrup, and Jakeman Glaciers) and non-glacierized (Truelove, Grise Fiord) sites at select

stations along near-to-offshore transects (see Figure 1), plotted by distance from the glacier terminus /
shore. The individual bottle sample measurements are shown for nutrient (a-d) and total dissolvable metal

(e,f) concentrations. Turbidity (g) and Chl a (i) data are from continuous sensor measurements through

the water column. For euphotic zone depth (h), estimates (corresponding to 0.1% of surface PAR) at

individual stations are shown. Note the log scale for Fe, Mn, turbidity and Chl a. Numbers of samples /

stations are given in Table S2. Median, hinges, whiskers and outlier data are as described for Figure 2.

4.3 Variation across different glacier systems

Surface (upper 40 m) macronutrient concentrations within 10 km of the ice front also varied

significantly (p<0.05; Table S4), and often systematically, across the different glacierized sites
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(Figure 4). Belcher and Sydkap Glaciers represent the deepest tidewater glaciers we investigated
(Table 1), and we find the highest average and median surface nitrate, phosphate, and silicate
concentrations in proximate marine waters were associated with these sites. Belcher Glacier site
median concentrations were [NO3z] = 1.8 uM, [PO4+%] = 0.51 uM, and [SiO4] = 4.9 uM, while
Sydkap Glacier site median concentrations were [NOs] = 2.3 uM, [PO4*] = 0.50 uM, and [SiO4]
= 6.0 uM. Comparatively, Sverdrup and Jakeman Glaciers have shallow submarine discharge
depths (Table 1), and these sites showed variable trends with respect to macronutrient
concentrations. Macronutrient concentrations at the Sverdrup Glacier site were relatively high
and more similar to those at the Belcher and Sydkap Glacier sites compared to those at the
Jakeman Glacier site (median concentrations at the Sverdrup Glacier site were [NOs] = 1.7 uM,
[POs*]=0.42 uM, and [SiO4] = 4.2 uM). Macronutrient concentrations at the Jakeman Glacier
site, in contrast, were comparable to the non-glacierized sites (median concentrations at the
Jakeman Glacier site were [NO3] = 0.005 uM, [PO4*>] = 0.36 uM, and [SiOs] = 1.6 uM).
Jakeman Glacier has a slightly deeper estimated grounding line (-36 +/- 10 m a.s.l.) and larger
estimated summer discharge (0.55 Gt/y) than Sverdrup Glacier (-21 +/- 10 m a.s.l. and 0.34
Gtly). However, given the small proportion of Jakeman Glacier’s calving front found in the
water, a significant amount of its discharge is released first on land, rather than directly into the
ocean. Notably, the first (bottle) station at the Jakeman Glacier site is further from the terminus
(> 3 km) than at our other glacierized sites (< 1 km), which likely also accounts for differences
we observed in macronutrient concentrations between the Sverdrup Glacier and Jakeman Glacier
sites. Finally, we note that ammonia concentrations do not appear to systematically vary across
our glacierized sites in a similar way to nitrate, phosphate and silicate concentrations. Instead,
ammonia concentrations are similar across all of the glacierized sites. Ammonia was particularly
enriched in waters proximate to Sydkap Glacier, where we observed a high density of seabird
aggregation, which has previously been linked to elevated ammonium levels.

In general, total dissolvable metal micronutrients (TdFe, TdMn) in the surface ocean also
varied systematically between our glacierized sites (Figure 4). We observed higher metal
concentrations at the strongly-tidewater-glacier-influenced sites (Belcher Glacier site median
concentrations were [Fe] = 1447 nM and [Mn] = 13 nM; Sydkap Glacier site median
concentrations were [Fe] = 2017 nM and [Mn] = 51 nM; and Sverdrup Glacier site median

concentrations were [Fe] = 13483 nM and [Mn] = 146 nM) compared to the weakly-tidewater-
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glacier-influenced site (Jakeman Glacier site median concentrations were [Fe] = 1100 nM and

[Mn] = 15 nM). Notably, the maximum concentrations of TdFe and TdMn were very high at the

Belcher, Sydkap, and Sverdrup Glacier sites compared to those at the Jakeman Glacier site

(Figure 4), with ocean waters distal to Sverdrup Glacier, in particular, being especially enriched

(Figure 4). This is likely due to the fact that this was the only site where we could easily see the

plume at the surface, and as a result, extensively sampled it. In tandem with the total dissolvable

metals, turbidity was also higher, with much larger maximum values, at the Belcher, Sydkap, and

Sverdrup Glacier sites compared to at the Jakeman Glacier site.

Turbidity, light, and Chl a exhibited distinct patterns. Turbidity and light followed the
same systematic variation observed for the macronutrient and metal concentrations, showing
larger changes at the strongly-glacier-influenced sites relative to the weakly-glacier-influenced
site (Figure 4). The near-surface ocean within 10 km of the ice front of Belcher, Sydkap and
Sverdrup Glaciers was more turbid and had shallower euphotic zone depths compared to at the
Jakeman Glacier site (Wilcoxan Rank Sum Test, p < 0.0001). In contrast, Chl a concentrations

did not exhibit systematic trends across the different glacier systems (discussed below).
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Figure 4. Comparisons of surface (upper 40 m) ocean water properties at tidewater glaciers in the CAA
within 10-km of the ice front. Sites are organized by the estimated grounding line depth, with Belcher
Glacier representing the deepest tidewater glacier considered and Jakeman Glacier representing a glacier
in recession to a land-terminating system. The individual data points (corresponding to bottle samples at
discrete depths) are shown for the nutrient (a-d) and total dissolvable metal (e,f) concentrations. Turbidity
(9) and Chl a (i) data are from a continuous sensor measurement through the water column. Euphotic
zone depth (h) was estimated at 0.1% of surface PAR at each station (individual data points). Note the log
scale for Fe, Mn, turbidity and Chl a. Numbers of samples / stations are given in Table S2. Median,
hinges, whiskers and outlier data are as described in Figure 2.
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4.4 Interactions between turbidity, light, nutrients and chlorophyll a

The relationships observed between the vertical distributions of turbidity, light, nitrate and Chl a

at the various glacierized and non-glacierized sites were varied and in some cases unexpected.
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This is not surprising when considering the conflicting influences glacier meltwater input can
have on primary production: light availability can be restricted by the glacier-derived sediment
plume, which could limit phytoplankton growth, while the delivery of limiting nutrients (e.g.
NOs'; Figure S1) could enhance the growth of primary producers in the presence of sufficient
light. At the non-glacierized sites, Truelove Bay and Grise Fiord, we generally observed the
expected relationships between light, nitrate and Chl a in summer Arctic waters. Specifically,
vertical profiles showed a maxima in Chl a deeper in the water column where light was still
available and nitrate concentrations began to increase (Figure 5a and b). At the Jakeman Glacier
site, a weakly-glacier-influenced system, turbidity was low and light was plentiful, but the
relative lack of nitrate at stations in close proximity to the terminus (S4 and S6, ~4 km and 8 km
from the glacier terminus, respectively) may be limiting chlorophyll accumulation (Figure 5c).
At the Belcher and Sverdrup Glacier sites (Figure 5d and e), more strongly-glacier-influenced
systems, a turbid submarine discharge plume restricted light penetration, which appears to
influence Chl a distribution. At the station closest to the Belcher Glacier discharge (S10), the
presence of a large turbid plume is evident resulting in light attenuation throughout the water
column (Figure 5d). There is no peak in Chl a observed anywhere in the water column. Three
kilometers downstream at S11, the turbid plume is no longer observed and the euphotic zone
deepens, yet no increase in Chl a is evident. Interestingly, ~7 km from the glacier front at S13,
under similar light and nutrient conditions present at S11, a peak in Chl a is present ~20 m below
the surface. At the Sverdrup Glacier site (Figure 5e), the turbid plume is significantly shallower
than at the Belcher Glacier site and its presence is detected at ~ 1 and 4 km from the glacier front
(stations S22 and S27 respectively). Interestingly, peaks in Chl a are evident from within 1 km of
the glacier terminus to ~13 km out (S22, S27, S31) where there appears to be sufficient light and
nitrate present. However, peaks in Chl a occur below the calculated euphotic zone at all 3
stations, and within (S27) or below (S22) turbid waters (Figure 5e). This trend is also evident at
all the other stations (S23, S24, S25, S26, S28, S29, S30) sampled within 13 km of the Sverdrup
Glacier terminus (Polar Data Catalogue, Canadian Cryospheric Information Network (CCIN)
Reference No. 13211). Water column profiles from Sydkap Glacier showed elevated
macronutrient and ammonia concentrations in the presence of sufficient light, but no discernable
peak in Chl a (Figure 5f). This suggests that more complex biological and physical processes,

beyond the scope of our study, were impacting nutrient dynamics and productivity at this site.
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606  Figure 5. Vertical profiles of Chl a concentration (x-axis) and turbidity (color) measured at stations along
607  marine transects emanating from the non-glacierized regions (a) Truelove, (b) Grise Fiord, and the

608 glacierized sites at (c) Jakeman, (d) Belcher, (e) Sverdrup and (f) Sydkap Glaciers. The orange line shows
609  the euphotic zone (to 0.1% surface PAR). The black line represents the depth range in which nitrate

610  concentrations exceed 1 uM, with the dotted line indicating the range of depths in which this

611  concentration threshold is reached. Subplots without a black line are those in which nitrate values above 1
612  uM were not detected in the upper 75-m of the water column. Station names (with distance from the

613  glacier terminus / shore in parentheses) are given above each profile.

614

615

616 5 Discussion

617

618 5.1 Glaciers impact nutrient concentrations in the CAA coastal ocean

619

620  The effects of tidewater glaciers on marine nutrient availability in the euphotic zone of the ocean,

621  and corresponding impacts up the food chain, have been the subject of speculation since the late
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1930s (Cooper, 1952; Hartley & Dunbar, 1938; Vibe, 1939). In the last study on this topic in the
CAA, Apollonio (1973) compared glacierized (South Cape Fiord) and non-glacierized (Grise
Fiord) fjords in springtime, before sea ice melt. This study reported significantly higher nitrate
concentrations in South Cape Fiord compared to Grise Fiord and open water in Jones Sound;
whereas nitrate concentrations at the latter two sites were not significantly different. In contrast,
he observed no statistically significant differences in phosphate or silica concentrations between
the three sites. Despite this, Apollonio suggested that silica was likely present in significantly
greater concentrations in the glacierized region. Building directly on this work, our comparison
of nutrient concentrations in glacierized South Cape Fiord (i.e. in the proximity of Sydkap
Glacier) and non-glacierized Grise Fiord in August 2019 illustrates a similar pattern of enhanced
nitrate in the glacierized fjord (Apollonio, 1973). Our study expands these findings to include
additional glacierized (in the proximity of Belcher, Sverdrup and Jakeman Glaciers) and non-
glacierized (Truelove Bay) regions, and also demonstrates that the pattern of nitrate enhancement
in glacierized regions extends to other macronutrients (phosphate, silicate) as well.

Though comparisons between adjacent glacierized and non-glacierized regions are sparse
in the literature, the finding that surface marine waters in glacierized regions have enriched
macronutrient (nitrate, phosphate, and silicate) concentrations (Figure 2), compared to typical
Avrctic surface ocean concentrations (Michel et al., 2006; Randelhoff et al., 2020), is consistent
with recent results from Greenland and Svalbard fjords (Halbach et al., 2019; Kanna et al., 2018;
Meire et al., 2017). However, the enrichments we observed here are generally much lower than
those found in Greenlandic glacier systems. For example, at Bowdoin Glacier in northwest
Greenland, where the subglacial discharge transects were conducted on a similar scale to this
study, Kanna et al. (2018) report average nitrate (12.3 + 0.6 (1 SD) uM), phosphate (1.0 +
0.1uM), and silicate (12.3 £ 0.7 pM) concentrations in the plume surface waters that are much
higher than those measured at any of the sites considered here in the CAA. Enrichment of this
magnitude is not unique to the Bowdoin Glacier system: nitrate concentrations up to 12 uM were
also observed in the upper 40-m of the water column within 10 km of the terminus of Narsap
Sermia, a glacier draining into Godthabsfjord in southwest Greenland (Meire et al., 2017).
Comparatively, average macronutrient concentrations observed by Halbach et al. (2019) in the
surface (upper 10-m) waters of Kongsfjorden in the Svalbard archipelago, which has four smaller
tidewater glaciers draining into it ((NO3z]=1.15 £ 0.39 pM, [PO4*] = 0.08 £ 0.03 puM, [SiO4] =
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3.32 £ 0.33 uM), are similar to those observed here in the surface waters (upper 10-m) of the
glacierized sites in Jones Sound ([NOs] = 1.6 + 1.5 uM, [PO4*] = 0.45 + 0.16 pM, [SiO4] = 4.57
+2.79 uM). We propose that the similarity between the tidewater glaciers in this study and the
Svalbard archipelago glacier systems, rather than tidewater glaciers in Greenland, is likely
related to the mechanism by which macronutrients are being delivered to the surface waters of
glacierized regions (see Section 5.2).

The elevations in total dissolvable Fe and Mn in surface waters that we observe here are,
to our knowledge, the first measured in surface waters directly impacted by CAA tidewater
glaciers. However, such enrichments from glacial sources were hypothesized based on recently-
reported distributions of dissolved Mn and Fe in the broader CAA region (Colombo et al., 2020).
Others have also observed increases in Fe availability as a result of direct glacial input in
glacially-impacted systems in Greenland (Hawkings et al., 2018a; Hawkings et al., 2014; Kanna
et al., 2020) and Antarctica (Annett et al., 2017; Henkel et al., 2018). The spatially-variable and
highly-elevated TdFe concentrations we observe are consistent with these previous
measurements, and in fact appear to be among the highest such values reported to date
(Hopwood et al., 2019). TdFe was reported to be as high as 20 uM inside glacierized
Godthabsfjord in southwest Greenland (Hopwood et al., 2018), compared to our > 30 pM values
within the Sverdrup Glacier plume waters. TdFe measurements from Sermilik Fjord, at the
margin of Helheim Glacier in southeast Greenland, show a 3-8 fold enhancement in surface
TdFe in the fjord and downstream (> 100 km from the glacier terminus) (Cape et al., 2018). Here
we observe enrichment in TdFe and TdMn (mean 10-fold increase over open Jones Sound
TdFe/TdMn between ~1-10 km of the ice terminus) that decreases as distance from the glacier
termini increases. Given our currently-limited understanding of the factors controlling metal
delivery, solubility, and persistence in glacier-ocean systems (Hopwood et al., 2019), it remains
challenging to put these first observations of metal micronutrient concentrations in CAA
glacierized regions into more complete context with other systems. These data do, however,
highlight the need for better spatial and chemical resolution of metal micronutrient dynamics in

these systems.

5.2 Mechanisms of nutrient delivery to the surface ocean
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Two different mechanisms have been put forward to account for the presence of elevated
macronutrient concentrations in surface waters in the proximity of tidewater glacier fronts: (1)
that glaciers deliver nutrients to the surface waters directly via nutrient-enriched runoff from the
glacier (Beaton et al., 2017; Hawkings et al., 2016; Hendry et al., 2019) and (2) that the
freshwater flux from marine-terminating glaciers causes deep seawater, which is rich in
nutrients, to come to the surface with the rising submarine discharge plume (Hopwood et al.,
2018; Kanna et al., 2018; Meire et al., 2017). While Apollonio (1973) hypothesized that the
direct delivery of nutrient-enriched runoff resulted in the elevated macronutrient concentrations
he observed at Sydkap Glacier in spring, the plume-upwelling mechanism has been shown to be
important in numerous other similar glacier-ocean systems (Halbach et al., 2019; Kanna et al.,
2018; Lydersen et al., 2014).

There are multiple indications that in our strongly-influenced tidewater glacier systems
(i.e. Belcher and Sverdrup Glaciers), it is the upwelling of deeper, nutrient-rich seawater that
underpins the elevated macronutrient concentrations observed. First, we see signatures of
upwelling in the nearfield of the glacier termini in these systems in multiple fields mapped by the
multi-channel logger measurements on transects emanating from the glacier calving front (Figure
6a and b). For example, at both the Belcher and Sverdrup sites, subsurface isopycnals tilt
upwards toward the glacier front, as shown by the highlighted potential density anomaly surface
of e= 26 kg/m3. Consistently, low dissolved oxygen concentrations, characteristic of deeper
waters, are seen in shallower sections of the water column at stations close to the glacier front.
In contrast, at Jakeman Glacier (Figure 6c¢), a site not strongly influenced by tidewater glacier
input, and at the non-glacierized sites (Figure 6d and e), isopycnals are relatively flat and upper
ocean dissolved oxygen values remain relatively high, thus indicating a lack of upwelling of
deeper waters. Notably though, our measurements from Jakeman Glacier begin at a distance
from the terminus that may preclude us from observing stronger upwelling, were it present.
Sydkap Glacier is anomalous, with no clear signature of upwelling detected (Dataset S2). We
suspect this is due to insufficient resolution in our sensor measurements in this region, rather
than an absence of upwelling. Our sampling resolution was likely insufficient here because this
region (South Cape Fiord) appears to have a more complicated fjord circulation than our other

study sites.
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Figure 6. Section plots of dissolved oxygen concentration (color) and potential density anomaly (contour

lines) for transects out from the termini of (a) Belcher, (b) Sydkap, (c) Sverdrup, and (d) Jakeman
Glaciers as well as from the shore at (e) Truelove Bay and (f) Grise Fiord where no glaciers are present.
Filled circles show points where profile data was collected colored by the direct (non-interpolated)
measurement. The isopycnal used to calculate upwelling strength (Figure 8) is shown in red.
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A further indication that enhanced macronutrient concentrations are sourced from deeper
marine waters is found in an examination of the correlation of nutrient concentrations with
apparent oxygen utilization (AOU) (Figure 7). AOU was calculated as described in Benson and
Krause Jr. (1984) using the logger measurements of temperature, dissolved oxygen concentration
and salinity, and is the difference between measured dissolved oxygen concentration and its
equilibrium concentration at saturation. Positive AOU values can result from remineralization of
organic matter, which consumes oxygen and generates macronutrients. A positive correlation
between AOU and macronutrient concentrations suggests that nutrient concentrations and AOU
are influenced by the same processes. Strong positive linear relationships (Pearson correlation, p
< 0.01) between AOU and macronutrient concentrations, observed at all three strongly-
influenced glacierized sites (Belcher, Sydkap, and Sverdrup Glaciers), suggests that in these
systems, remineralization in deeper marine waters is a significant macronutrient source. Further,
a lack of correlation between AOU and turbidity (Figure 7), which is supplied by glacier input
directly and enriched in low-density water, suggests macronutrients are not appreciably supplied
via direct glacial input.

Notably, TdFe and TdMn concentrations are not correlated with AOU, and instead
display very similar distributions to turbidity (Figure 7). This suggests that these micronutrients
are, in contrast to macronutrients, supplied directly from glacier discharge. This conclusion is
consistent with the result that variations in macronutrient concentrations across the different sites
show a different pattern to variations in TdFe and TdMn concentrations, turbidity and light
availability (Figure 4). Further, it is also evident, based on depth profiles of these metals (Figure
S2), that upwelled deep water would not be enriched in TdFe or TdMn, and so could not be the
source to the upper water column. The distinction between the proposed delivery mechanisms of
macro- vs micro-nutrients in these systems is significant, as it may imply differing dependencies

on glacial forcing parameters as well as differing sensitivities to change.
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Figure 7. Apparent oxygen utilization (AOU) versus turbidity, TdFe, TdMn, and nitrate (NO,), phosphate
(PO.), and silicate (SiO.) concentrations in the marine waters at (a) Belcher (b) Sydkap and (c) Sverdrup
Glaciers. The color scale indicates potential density anomaly in the water column. Positive linear
relationships were assessed using a Pearson correlation and were significant (p < 0.05) between AOU and
major macronutrient concentrations along each transect. Positive linear correlations between AOU and
turbidity, TdFe, and TdMn were not significant (p > 0.05).
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5.3 Influence of tidewater glaciers on factors driving marine primary production

Though the presence of glaciers in Jones Sound clearly impacts factors that drive primary
productivity, potential effects on phytoplankton growth are complex. This is not surprising
considering the interplay of physical and biological processes affecting Chl a concentrations in
our study sites, including light attenuation in sediment-laden meltwater plumes, fjord/estuarine
filter effects, plankton nutritional status, and microbial nutrient and carbon utilisation pathways.
Ultimately, primary productivity in glacial fjords is a balance between all of these varying
influences. In the Arctic summer, when light is plentiful, standing nutrient stocks will be drawn
down by primary producers in the euphotic zone unless replenished (Randelhoff et al., 2020). In
our study, this drawdown is evident in the lower nutrient concentrations observed at the non-
glacierized sites (Truelove Bay and Grise Fiord) and at Jakeman Glacier, a system weakly
influenced by tidewater glacier input. The higher micro- and macro-nutrient concentrations
observed at the glacierized sites point to either a lack of drawdown due to limited light
penetration in the meltwater plumes or a mechanism for nutrient replenishment continually
present throughout the summer. Given that we have documented upwelling of nitrate-enriched
waters co-located with elevated surface nitrate levels, glacier-driven replenishment by upwelling
appears to play an important role in the observed elevated macronutrient concentrations. The
absence of enhanced Chl a concentrations close to the glacier fronts (e.g. at Belcher Glacier) is
not surprising given light attenuation caused by the suspended sediments in the rising glacial
meltwater plume. Previous studies in Greenland and Alaska have noted that Chl a concentrations
and primary productivity measurements are typically highest distal (> 20 km) to the ice front,
once a significant proportion of glacially-derived silt has settled out and the euphotic zone depth
has increased (Etherington et al., 2007; Meire et al., 2017). Thus, a “goldilocks zone” outside of
the turbid plume but proximal to the ice edge where the nutritive benefits of the plume can still
be experienced by in situ phytoplankton has been found to be typical in Greenlandic and Alaskan
glacierized fjords (Kanna et al., 2018; Meire et al., 2017). However, in smaller glacial systems,
such as in the Svalbard (Halbach et al., 2019) or as shown here in the CAA, this zone might exist

closer to the glacier front.
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The locally-elevated macronutrient concentrations observed here are likely most
impactful in waters just downstream from these glacier systems. However, the metal
contributions we observed have the potential to impact productivity regionally. While
phytoplankton growth in the CAA is unlikely to be limited by micronutrient availability, regions
downstream, including the Labrador Sea, can have areas of extremely low metal concentrations
(Colombo et al 2020), and thus have the potential to be impacted by enhanced metal delivery
from upstream CAA glacier sources. While some of the elevated TdFe and TdMn in these glacier
systems will be subject to estuarine removal (Schroth et al., 2014), given the extremely high
TdFe and TdMn values we observed here, previous observations of elevated DFe and DMn
concentrations adjacent to CAA glacier systems (Colombo et al., 2020), and signatures of
elevated metal availability 10s to 100s of kilometers from glaciers in other systems (Hopwood et
al., 2019), these contributions may indeed influence metal availability in recipient seas. Notably,
the Labrador Sea contains regions that bear signatures of elevated metal concentrations, which
may be associated with glacier and/or shelf-derived sources (Colombo et al., 2020; Tonnard et
al., 2020). Studies in the North Atlantic also note high Fe, Mn and other metal concentrations
associated with Labrador Sea water masses: these may be consistent with a glacier source,
though this requires further investigation (Conway & John, 2014; Noble et al., 2017). A portion
of glacier-derived metal signatures is likely to be highly bioavailable as nanoparticulate iron, as
observed in other glacial systems (Hawkings et al., 2018a; Hawkings et al., 2014). The
partitioning of these metal contributions into different chemical phases that are more or less
likely to remain in solution or suspension for long-range transport are likely to be strongly
impacted by the organic environment in which they are delivered and processed (Zhang et al.,
2015), as well as by possible benthic recycling (Wehrmann et al., 2014). As such, future work is
required to examine the role of this metal delivery in shaping micronutrient bioavailability

locally and regionally.

6 Conclusions

In the first assessment of glacier-ocean interactions in the CAA in 50 years, we use Jones Sound

as a natural laboratory to examine the role of glaciers in marine biogeochemistry, exploiting its
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continuum of tidewater glacierized, partially tidewater glacierized, and non-glacierized sites. To
summarize key aspects of these interactions, we examine the relationship between tidewater
subglacial discharge, a metric of observed upwelling strength, and euphotic zone nutrient
enrichment (Figure 8). This analysis, excluding Sydkap Glacier for reasons described above,
reveals a significant correlation (Pearson correlation coefficient) between tidewater discharge
volume and upwelling strength (p = 0.004), as well as nitrate enrichment (p = 0.02). This
suggests that the volume of water discharged sub-glacially is an important determinant of the
strength of upwelling and macronutrient delivery to the euphotic zone. However, the degree of
macronutrient enrichment will also depend directly on macronutrient concentrations in the water
column at the depth of glacial discharge (Hopwood et al., 2018; Oliver et al., 2020). Our results
indicate that even glaciers with shallow grounding lines, provided they have sufficient glacial
discharge below the marine nutricline, can enhance delivery of macronutrients to near-surface
waters (Halbach et al., 2019; Williams et al., submitted). Unlike macronutrient concentrations,
however, a correlation between surface water total dissolvable metal micronutrient enrichment
and tidewater discharge volume does not exist (data not shown), highlighting that there is
considerable work to be done to understand the factors (geological, glacial, biological, and

oceanographic) that control metal delivery to surface waters in glacial systems.

35



833

834
835
836
837
838
839
840

841
842
843
844
845
846
847
848
849

manuscript submitted to Global Biogeochemical Cycles

1514 ’ F3
. Metric
r @ ANO, (uM)

.’ A Az

Site
Belcher

—_
oo
1
AY
A
A
-~
no

Sverdrup

ANOg (uM)

Jakeman
Truelove
Grise Fiord
Sydkap

upwelling strength (Az)

0.0 02 0.4 0.6
Tidewater Discharge

Figure 8. Relationships between annual tidewater discharge (modeled discharge in Table 1 scaled by the
fraction of the glacier terminus that interfaces with the ocean), a metric of upwelling strength, Az (the
change in depth of the 1026 kg/m? isopycnal from open water in Jones Sound to within 12-km of the
terminus / shore), and a metric of euphotic zone nutrient enrichment, A nitrate (the change in average
nitrate concentration from open water in Jones Sound to within 12-km of the terminus/shore). Sydkap
Glacier, showing anomalous relationships to the other systems, is shown in grey open symbols.

Glaciers in the CAA, and their associated impacts on the marine environment, are
vulnerable to change (Cook et al., 2019). In the future, as they retreat, the discharge point of
these glaciers will change. Many tidewater glaciers in the CAA (e.g. Sverdrup Glacier) are
situated on retrograde bed slopes, meaning that their termini will remain below sea-level even
with kilometer-scale retreat. Owing to their bed slope geometry, these glaciers will likely exhibit
a deepening of the depth at which their submarine freshwater discharge is released in the ocean
as they retreat on this scale. Conversely, the discharge depths of glaciers on prograde slopes (e.g.
Sydkap Glacier) will likely exhibit a shoaling with glacier retreat. In the short term, submarine

discharge released at shallower, yet still below the nutricline, depths in the ocean will enable
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macronutrients entrained by the buoyant plume to reach the surface (Halbach et al., 2019).
Additionally, with increased climate warming, longer melt seasons may increase the number and
temporal consistency of plumes released at the glacier terminus, resulting in smaller but more
consistent upwelling (Halbach et al., 2019). However, inevitably, with continued melt, glaciers
that terminate in the ocean will cross a grounding line threshold and become land-terminating
(expected first for systems like Jakeman Glacier), shifting their discharge point to the ocean
surface. Our observations suggest that such changes will result in the loss of the glacier-driven
upwelling of limiting macronutrients to the euphotic zone along CAA coastlines, and may further
reduce nutrient delivery to the surface as a result of enhanced stratification. However, as glacial
discharges grow and then shrink as melt accelerates, it is possible that metal delivery to the
oceans will scale similarly. Given the extremely large inputs of metal micronutrients detected
here, and the importance of metal micronutrients for productivity in downstream environments in
the North Atlantic (Achterberg et al., 2018), constraining the processes controlling metal fate and
bioavailability in these systems, and how they may respond to change, is critical. Additional
focus is also required to develop predictive models of the cumulative impact of glaciers in the

CAA on both local and regional primary productivity in the face of climate change.
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