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Abstract  32 

 33 

The Canadian Arctic Archipelago (CAA) is vulnerable to climate warming, and with over 300 34 

tidewater glaciers, is a hotspot for enhanced glacial retreat and meltwater runoff to the ocean. In 35 

contrast to Greenlandic and Antarctic systems, CAA glaciers and their impact on the marine 36 

environment remain largely unexplored. Here we investigate how CAA glaciers impact nutrient 37 

delivery to surface waters. We compare water column properties in the nearshore coastal zone 38 

along a continuum of locations, spanning those with glaciers (glacierized) to those without (non-39 

glacierized), in Jones Sound, eastern CAA. We find that surface waters of glacierized regions 40 

contain significantly more macronutrients (nitrogen, silica, phosphorus) and micronutrients (iron, 41 

manganese) than their non-glacierized counterparts. Water column structure and chemical 42 

composition suggest that macronutrient enrichments are a result of upwelling induced by rising 43 

submarine discharge plumes, while micronutrient enrichments are driven directly by glacial 44 

discharge. Generally, the strength of upwelling and associated macronutrient delivery scales with 45 

tidewater discharge volume. Glacier-driven delivery of the limiting macronutrient, nitrate, is of 46 

particular importance for local productivity, while metal delivery may have consequences for 47 

regional micronutrient cycling given Jones Sound’s important role in modifying water masses 48 

flowing into the North Atlantic. Finally, we use the natural variability in glacier characteristics 49 

observed in Jones Sound to consider how nutrient delivery may be affected as glaciers retreat. 50 

The impacts of melting glaciers on marine ecosystems through both these mechanisms will likely 51 

be amplified with increased meltwater fluxes in the short-term, but eventually muted as CAA ice 52 

masses diminish.  53 

 54 

  55 
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Plain Language Summary  56 

 57 

The Canadian Arctic Archipelago (CAA) contains many glaciers that are vulnerable to global 58 

warming. Many of these glaciers terminate in the ocean, meaning that as they melt, they deliver 59 

materials directly into the coastal ocean, often below the sea surface. This glacier meltwater can 60 

deliver nutrients that may enhance marine productivity, but this has not yet been systematically 61 

examined in the CAA. Here we compare concentrations of essential macronutrients (nitrogen, 62 

silica, phosphorus), and micronutrients (iron, manganese) in areas with glaciers and without, in 63 

the Jones Sound region of the CAA. We find elevated concentrations of nutrients in marine 64 

waters surrounding areas with glaciers. The source of macronutrients are deeper marine waters 65 

that are carried to the surface by rising glacier meltwater entering the ocean below the sea 66 

surface, while the source of micronutrients is glacier meltwater itself. Much of the water that 67 

flows from the Arctic Ocean into the North Atlantic does so through CAA passageways that 68 

receive this glacier input. Understanding how glacier-driven nutrient delivery is likely to change 69 

as the climate continues to warm will help us predict changes in marine productivity both locally 70 

in the CAA and in regions of the North Atlantic that receive CAA water.  71 

 72 

  73 
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1 Introduction  74 

 75 

Delivery of meltwater and materials from glaciers to the ocean is accelerating due to climate 76 

warming, with important and poorly-characterized consequences for the marine environment. 77 

While the contributions of these shrinking ice masses to sea level rise are undisputed, their role 78 

in marine biogeochemical processes is just beginning to be revealed. Recent studies have shown 79 

that glacial meltwater discharge can affect nutrient supply (Bhatia et al., 2013; Hawkings et al., 80 

2015; Kanna et al., 2018), carbon export (Hawkings et al., 2017; Wadham et al., 2019), 81 

carbonate chemistry (Cantoni et al., 2020; Fransson et al., 2015; Meire et al., 2015), fjord-scale 82 

estuarine circulation (Lydersen et al., 2014; Straneo & Cenedese, 2015), and patterns of primary 83 

productivity (Etherington et al., 2007; Hopwood et al., 2019; Juul-Pedersen et al., 2015). Climate 84 

warming has significantly increased glacial melt and runoff (Bliss et al., 2014; King et al., 2020), 85 

and glacial fluxes are predicted to increase further before ultimately disappearing. The Canadian 86 

Arctic Archipelago (CAA) is a key hotspot for such changes (Cook et al., 2019; Gardner et al., 87 

2011), and after Greenland and Antarctica, is one of the largest contributors of glacier meltwater 88 

to the global ocean (Box et al., 2018). Roughly two thirds of the water flowing from the Arctic 89 

Ocean into the North Atlantic is routed through the CAA (Zhang et al., 2016). Yet, we know 90 

little about the effects of shrinking glaciers in the CAA on regional and coastal hydrography and 91 

biogeochemistry, and even less about their role in influencing the biogeochemistry of Arctic 92 

waters as they make their way into the North Atlantic. 93 

Elevated marine productivity associated with glaciers has been noted as early as 1938 94 

around Greenland (Greisman, 1979; Hartley & Dunbar, 1938), and in 1973 in the most recent 95 

study on this topic in the CAA (Apollonio, 1973). Contemporary work in Alaska (Etherington et 96 

al., 2007; Hood & Scott, 2008), Svalbard (Halbach et al., 2019; Lydersen et al., 2014), and 97 

Greenland (Hopwood et al., 2018; Meire et al., 2017) have highlighted the significant role that 98 

glaciers might play in elevating key nutrient (e.g. nitrate, phosphate, silicate, iron) concentrations 99 

in surface waters within fjords (Hawkings et al., 2016; Kanna et al., 2020; Kanna et al., 2018) 100 

and beyond to the surrounding continental shelf (Cape et al., 2018). This glacial stimulation of 101 

nutrient delivery may be particularly significant because it occurs during a critical period when 102 

surface plankton are nutrient-limited after the spring bloom but when insolation is still plentiful 103 

(Arrigo et al., 2017). Since nitrate is often the limiting nutrient in coastal Arctic summer surface 104 
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waters (Randelhoff et al., 2020), it has been the particular focus of recent investigations (Beaton 105 

et al., 2017; Kanna et al., 2018; Meire et al., 2017). In glacial fjords, a likely source of this 106 

growth-limiting resource can be deep seawater entrained into the photic zone by low-density 107 

meltwaters that rise rapidly through the water column near the glacier terminus (Hopwood et al., 108 

2018; Kanna et al., 2018; Meire et al., 2017). This mechanism of nitrogen delivery to surface 109 

waters can however only be present downstream from tidewater glaciers where the meltwater 110 

discharge exits the ice front well below the surface (Hopwood et al., 2018). In contrast, 111 

meltwater runoff from land-terminating glaciers which discharges to marine waters at the 112 

surface, forms a surface freshwater cap, stratifying the water column and impeding vertical 113 

transport of nutrient-rich deeper waters (Hopwood et al., 2019). Previous studies in Greenland 114 

comparing fjords with tidewater and land-terminating glaciers have observed markedly 115 

decreased productivity in the latter (Holding et al., 2019; Meire et al., 2017). In tidewater glacial 116 

fjords, primary productivity is often enhanced distal to the glacier front when the majority of the 117 

discharge sediment has settled out and turbidity decreases (Juul-Pedersen et al., 2015; Kanna et 118 

al., 2018; Meire et al., 2017). The enhanced primary productivity in association with tidewater 119 

glaciers has been tied to greater fixed carbon export to the deep ocean via a stronger biological 120 

pump (Hawkings et al., 2018b; Seifert et al., 2019). Finally, this positive effect on primary 121 

production appears to extend up the food chain, as tidewater glaciers in Greenlandic fjords have 122 

been associated with locally-enhanced harvest of higher trophic levels (e.g., fish, seals) (Everett 123 

et al., 2018; Meire et al., 2017). Pre-dating formal scientific studies is traditional knowledge 124 

from Inuit communities which indicates that waters off the termini of tidewater glaciers are rich 125 

in wildlife (J. Qaapik, Grise Fiord Rangers). In addition, seabirds have long been known to 126 

congregate at the calving front, foraging on zooplankton brought to the surface by the rising 127 

subglacial freshwater plume (Lydersen et al., 2014).  128 

Glaciers can also play an important role in metal micronutrient delivery and cycling. In 129 

particular, glacial meltwater has been shown to be enriched in iron (Fe) and some other metal 130 

micronutrients like manganese (Mn) as a result of weathering processes, suggesting that this 131 

meltwater may serve as a direct source of metals to the ocean (Bhatia et al., 2013; Hawkings et 132 

al., 2014). However, many unknowns remain about how much of the metals delivered by glaciers 133 

is ultimately bioavailable in the ocean (Hopwood et al., 2019; Wadham et al., 2019). Factors 134 

influencing this include the degree of estuarine removal (Boyle et al., 1977), the mineralogy of 135 
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the glacial system (Hawkings et al., 2018a; Raiswell et al., 2018), and organic carbon 136 

interactions (Zhang et al., 2015), each of which are expected to vary considerably between 137 

glacier systems. Estimates of the spatial scales over which glaciers can influence marine metal 138 

availability in the ocean are variable and uncertain, but range from 10s to 100s of kilometers 139 

(Hopwood et al., 2019), suggesting that both local and regional metal cycling may be influenced 140 

by glaciers. Marine systems off Greenland and Antarctica can be micronutrient limited 141 

(Hawkings et al., 2014; Krisch et al., 2020), and so constraining micronutrient delivery from 142 

glacier meltwater can be important for determining the impact of glaciers on local productivity in 143 

those systems. While metal micronutrients are not expected to limit productivity in the CAA, 144 

they can be present in extremely low concentrations in Baffin Bay and regions of the North 145 

Atlantic (Colombo et al., 2020) that are fed by waters modified in the CAA (Zhang et al., 2016). 146 

As such, the role of CAA glaciers in metal micronutrient delivery and cycling has the potential to 147 

impact regional phytoplankton growth and carbon cycling. 148 

Much of our current understanding about the impact of glaciers on marine 149 

biogeochemistry and productivity is based on studies conducted in Greenland, yet, glaciers in the 150 

CAA are distinct in important ways. One difference of particular significance to nutrient delivery 151 

is that of the grounding line depth typical of the CAA. The CAA is dominated by smaller, 152 

shallower marine-terminating glaciers. In the northern CAA (Queen Elizabeth Islands) 153 

grounding lines are on average ~230-m depth, shoaling even more in the southern CAA (Baffin 154 

and Bylot Islands) to an average of ~100-m depth (Van Wychen et al., 2014; Van Wychen et al., 155 

2015). Indeed, only eight glaciers across the whole region have grounding lines greater than 300-156 

m depth (Van Wychen et al., 2015). By comparison, many outlet glaciers draining the Greenland 157 

Ice Sheet terminate into fjords at depths of 600 m or more (Carroll et al., 2016). Previous studies 158 

of Greenlandic glacier systems have identified grounding line depth as a primary control on the 159 

degree to which the plume-driven entrainment delivers macronutrient-enriched deep seawater to 160 

the photic zone (Hopwood et al., 2018; Oliver et al., 2020). Using a subglacial discharge plume 161 

model for an idealized Greenlandic-like marine-terminating glacier, Hopwood et al. (2018) 162 

estimate that the optimum grounding line depth for nitrate upwelling into the photic zone occurs 163 

at 580-m depth. These model results show that a key control on nitrate supply to the photic zone 164 

is the relationship between the meltwater discharge depth and the nutricline depth: at shallower 165 

glaciers where submarine discharge shoals, meltwater plumes are no longer expected to entrain 166 
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seawater below the nutricline and nitrate supply to the photic zone is expected to be diminished. 167 

However, there are limited observations at glaciers with grounding lines less than 250-m depth; 168 

as such the impacts of shallow tidewater glaciers with respect to nutrient delivery remain largely 169 

unknown. Today, coastal areas with many glaciers, like West Antarctica, Greenland, Svalbard, 170 

the Gulf of Alaska and the CAA, disproportionately experience the impacts of glacial meltwater 171 

on their marine ecosystems and, in the future, the inevitable changes that will ensue as tidewater 172 

glaciers retreat due to climate warming. Understanding how these impacts vary with differing 173 

meltwater fluxes and depths of tidewater glacier input is important for accurate future projections 174 

of high-latitude marine ecosystem productivity and nutrient cycling as the climate changes. 175 

In this study we investigate how tidewater glacier input impacts water column properties 176 

and nutrient delivery to the euphotic zone at six sites in the CAA which represent a spectrum of 177 

glacier forcing with respect to depth and volume of meltwater discharge. Our study builds 178 

directly on the most recent investigation exploring the impact of glaciers on nutrients in the 179 

marine environment in the CAA, conducted half a century ago in Jones Sound, NU Canada 180 

(Apollonio, 1973). Jones Sound is home to the Inuit hamlet of Ausuittuq (Grise Fiord) and is a 181 

marine region surrounded by glaciers draining large ice fields and caps on Ellesmere and Devon 182 

Islands. Traditional knowledge from hamlet community members indicates that the termini of 183 

tidewater glaciers in this region are rich in wildlife, providing hunting grounds for hamlet 184 

citizens. Here, we explore the nearshore coastal zone of a continuum of systems in this region. 185 

These sites span those which are presently occupied by relatively deep (> 200-m depth) marine-186 

terminating glaciers with a large proportion of their calving front in the ocean, to sites with 187 

shallow (< 50-m depth) tidewater glaciers, and finally to sites with no glaciers present. As Arctic 188 

temperatures continue to rise, most tidewater glaciers in the CAA will experience accelerated 189 

melting, inevitably retreat from the ocean, and ultimately disappear (Cook et al., 2019). As a 190 

result, any glacially-mediated delivery of macro- and micro-nutrients to the marine environment 191 

will likely increase in the short term and then cease, thus fundamentally altering the hydrography 192 

and biogeochemistry of the CAA coastline. Results from this study further our understanding of 193 

glacier-ocean interactions in the CAA and beyond, providing baseline data critical for 194 

understanding the implications of melting glaciers on marine ecosystem productivity, function 195 

and health. 196 

 197 
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 198 

2 Study Site 199 

 200 

2.1 Glacier Inputs 201 

 202 

Qikiqtaaluk (Jones Sound, Nunavut Canada) is a waterway situated between Devon and 203 

Ellesmere Islands in the Canadian Arctic Archipelago (CAA) that is inundated each summer 204 

with glacial meltwater draining the Devon Ice Cap on Devon Island to the north and the Sydkap 205 

and Manson Ice Fields on Ellesmere Island to the south.  206 

The 12,050 km2 (3,980 km3) Devon Ice Cap is one of the largest ice masses in the CAA. 207 

It is comprised of a cold-based interior frozen to the bed, and is drained by fast-flowing warm-208 

based dynamic outlet glaciers (Burgess et al., 2005; Dowdeswell et al., 2004; Van Wychen et al., 209 

2017) most of which terminate at tidewater. The 42-km long Belcher Glacier drains the northeast 210 

sector of the Devon Ice Cap, terminating in eastern Jones Sound into a region open to Smith 211 

Sound and the head of Baffin Bay (Figure 1). Ice flow velocities in the heavily crevassed 212 

terminus region of Belcher Glacier have been accelerating steadily over the past decade, 213 

exceeding 600 m per year in 2020 (Wychen et al., 2021). Consequently, mass loss due to iceberg 214 

calving from the Belcher Glacier accounts for >50% of the mass loss due to calving from all 215 

tidewater glaciers on Devon Ice Cap. Sea-floor mapping surveys reveal water depths of ~200 m 216 

near the terminus until a sharp break in slope ~2 km from the ice front, beyond which depths 217 

eventually reach > 600 m in the open ocean, ~10 km from the Belcher Glacier terminus 218 

(Batchelor et al., 2016). To the west of Belcher Glacier, the 26-km long Sverdrup Glacier drains 219 

northward from Devon Ice Cap to enter Brae Bay in the south-central region of Jones Sound. 220 

Previous studies have shown that the Sverdrup and Belcher Glaciers both respond dynamically to 221 

summer meltwater which acts to enhance flow by reducing friction along the glacier margins and 222 

bed (Cress & Wyness, 1961; Danielson & Sharp, 2017). However, with a calving front less than 223 

60 m thick and a flow of only ~40 m per year, Sverdrup Glacier is not a significant source of 224 

iceberg discharge in comparison to Belcher Glacier. The bathymetry seaward from Sverdrup 225 

Glacier is relatively unknown apart from limited observations of shallow water depths (< 10 m) 226 

up to 10 km from the glacier terminus as indicated in marine charts (Canadian Hydrographic 227 
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Services Chart V-7310-CA273424) and exposed rock outcrops ~8 km offshore visible in 228 

LandSat imagery. 229 

In comparison to the well-studied Devon Ice Cap (Boon et al., 2010), markedly little is 230 

known about both the Sydkap and Manson Ice Fields on nearby Ellesmere Island. The 31-km 231 

long Sydkap Glacier is located at the head of South Cape Fiord, which is also occupied by 232 

several smaller tidewater glaciers. South Cape Fiord is ~25 km long, terminating in western 233 

Jones Sound (Figure 1). Similar to Belcher Glacier, the Sydkap Glacier terminus has been 234 

accelerating steadily over the past decade and is currently flowing at ~200 m per year (Wychen 235 

et al., 2021). Approximately 120 km to the east, the 36-km long Jakeman Glacier, which drains 236 

the Manson Ice Field, terminates into the northeast sector of Jones Sound, but is less exposed to 237 

Baffin Bay compared to the terminus of Belcher Glacier. Similar to Sverdup and Belcher 238 

Glaciers (Dowdeswell et al., 2004), the termini of both Sydkap and Jakeman Glaciers are 239 

grounded with no evidence of floating tongues (Copland et al., 2003).   240 

As described below, we examine the influence of these glaciers on the marine system 241 

through comparisons with nearby non-glacierized sites situated within similar geologic settings. 242 

The two non-glacierized sites we examine are Truelove and Grise Fiord (Figure 1). The Truelove 243 

site is located in a non-glacierized lowland region of Devon Island, ~30 km from Truelove Inlet. 244 

It receives freshwater input from the Truelove and Gully Rivers. By comparison, Grise Fiord is a 245 

long, narrow fjord extending ~38 km inland, with no glaciers reaching its shore. Geologically, 246 

the glacierized sites of Sydkap and Jakeman Glaciers and the non-glacierized site of Grise Fiord 247 

are all surrounded by Cambrian, Ordovician, and Silurian dolomites, limestones, sandstones and 248 

gypsum (Harrison et al., 2015). The non-glacierized site near the Truelove lowlands, as well as 249 

the glacierized sites of the Sverdrup and Belcher Glaciers, are all underlain by Canadian Shield 250 

granite, gneiss, and quartzite (Harrison et al., 2015). 251 
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 252 

Figure 1. Map of study area in Qikiqtaaluk (Jones Sound, Nunavut) in the Canadian Arctic Archipelago 253 
using a MODIS image of the region from August 15, 2019. Blue boxes highlight six primary study sites, 254 
consisting of four tidewater glacier sites (Belcher, Sydkap, Sverdrup, and Jakeman Glaciers) and two sites 255 
without glaciers (Truelove and Grise Fiord). Insets to the left and right show enlarged views of the study 256 
sites using Landsat imagery from July and August 2019. Marine sampling stations are indicated by 257 
yellow symbols. Transects out from the glacier terminus / non-glacierized coast are indicated by the white 258 
lines. Insets above show the S/Y Vagabond from which shipboard operations were conducted and the 259 
location of the study area (black box). 260 

 261 

2.2 Oceanographic Setting 262 

 263 

The CAA is a transitional region where nutrient-rich Pacific waters that enter the Arctic Ocean 264 

via the Bering Strait are modified en route to Baffin Bay (Michel et al., 2006). Within the various 265 

channels of the archipelago, mixing and water mass modification occur, but the nutrient 266 

signatures of the Pacific source waters and, in particular, the signature of high silicate 267 
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concentration, remain (Michel et al., 2006). Waters arrive into Jones Sound from the deep basins 268 

of Arctic Ocean via pathways through the archipelago to the west, specifically via Hell Gate and 269 

Cardigan Strait, two narrow channels with strong southerly currents (Melling et al., 2008; Zhang 270 

et al., 2016). Waters also arrive into Jones Sound from the east, from northern Baffin Bay and 271 

Nares Strait, via Glacier Strait (Barber & Huyer, 1977). Circulation within Jones Sound is 272 

generally counter-clockwise, flowing westward on the north side (Ellesmere Island) and 273 

eastward on the south side (Devon Island), with outflow via Lady Ann Strait to Baffin Bay and 274 

ultimately the North Atlantic Ocean via Davis Strait (Barber & Huyer, 1977; Melling et al., 275 

2008; Zhang et al., 2016). Outflow from Jones Sound is estimated to be ~17% of the total CAA 276 

outflow to the North Atlantic (Zhang et al., 2016).  277 

 278 

 279 

3 Methods  280 

 281 

3.1 Glaciological Comparisons  282 

 283 

To better understand the different glacier systems examined in this study, we characterized 284 

several key attributes central to determining glacial forcing of nutrient delivery to the ocean 285 

including: terminus width, recent terminus retreat, the rate of summer meltwater runoff, ice 286 

thickness at the terminus, and elevation of the glacier bed at the terminus. The datasets used for 287 

basin delineation and to infer glacier terminus width and retreat are shown in Table S1. 288 

We manually digitized high resolution (15 m) panchromatic band Landsat-7 Enhanced 289 

Thematic Mapper and Landsat-8 Operational Land Imagery obtained from the United States 290 

Geological Survey (https://earthexplorerusgs.gov/) to infer terminus width (total and marine 291 

portions) as well as terminus retreat since 1999. We achieved maximum image contrast by using 292 

images acquired under snow-free/clear sky conditions. We corrected imagery for radiometric and 293 

geometric distortions (Burgess & Sharp, 2004; U.S.G.S., 2019), and projected to the UTM 294 

WGS84, Zone 17 coordinate system. We assumed that error in our measurements of glacier 295 

terminus width, derived from manually digitizing irregular line features in the LandSat images, 296 

was one percent of the total length measured (Keefer et al., 1991). Additional errors in 297 

measurements of glacier terminus retreat are due to the spatial co-registration between the 1999 298 

https://earthexplorerusgs.gov/
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and 2019/2020 individual images. Based on the maximum horizontal displacement measured 299 

between several prominent bedrock features common in both images, we found the maximum 300 

co-registration error for all image pairs to be +/- 100 m in a northwest–southeast orientation. 301 

Thus, we estimated the total error, calculated from the square root sum-of-squares for human and 302 

co-registration error, to be +/- 116 m. 303 

Cumulative daily melt runoff during the summer of 2019 was modelled from the 304 

RACMO2.3 surface mass balance (SMB) model as described in (Williams et al., submitted). 305 

Uncertainties in the volume of meltwater fluxes were established through comparing the gridded 306 

RACMO2.3 SMB data with in-situ surface mass balance measurements from the Sverdrup 307 

Glacier basin as described in (Williams et al., submitted). Due to a lack of in situ measurements 308 

in the Sydkap, Jakeman, and Belcher basins, the uncertainties established for the Sverdrup basin 309 

were applied to all basins in this study as reported in Table 1. 310 

 Measurements of ice thickness at the terminus and elevation of the glacier bed at the 311 

terminus of the four glaciers examined in this study were collected in 2012 and 2014 as part of 312 

the NASA Operation Ice Bridge program (Paden, 2010, updated 2019). Ice thickness was 313 

measured from the Multi-coherent On-board Radar Depth sounder (McORDs) flown at a 314 

nominal height of 500 m above the ice surface; these measurements detected the ice-bed 315 

interface with an accuracy of +/-10 m (Gogineni et al., 2001). These data were tagged with 316 

precise GPS and laser altimetry ice surface height data to provide spatial accuracy of +/- 10 cm. 317 

While the flights attempted to follow the glacier centerlines, deviations from this path occurred 318 

by up to several hundreds of meters, primarily along non-linear sections of the target glaciers. 319 

The centreline transect data giving ice and bed elevation for each of the four glaciers are 320 

presented in Dataset S1. Here we used the elevation of the glacier bed at the terminus along this 321 

nominal centreline as an estimate for grounding line depth which we equated to depth of 322 

submarine discharge in the ocean.  323 

 324 

3.2 Marine Sampling 325 

 326 

We undertook marine field work in August 2019 aboard the polar S/Y Vagabond wherein we 327 

sampled four glacierized (i.e. proximate to Belcher, Sydkap, Sverdrup, and Jakeman Glaciers) 328 
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and two non-glacierized (i.e. at the Truelove, Grise Fiord sites) fjords/bays within Jones Sound 329 

(Figure 1). In total, we occupied 37 stations in Jones Sound across our six sites (Table S2). In the 330 

glacierized fjords/bays, we took samples as close to the glacier calving front as possible and then 331 

transected out to open sound water in an effort to track the meltwater plume progression (Figure 332 

1). At Belcher Glacier, we sampled seven stations between 1 km and 7.2 km of the terminus; at 333 

Sydkap Glacier, six stations between 0.29 km and 30 km of the terminus; at Sverdrup Glacier, 12 334 

stations between 0.70 km and 26 km of the terminus; and at Jakeman Glacier, six stations 335 

between 2.3 km and 19 km of the terminus. We similarly sampled the two non-glacierized sites 336 

(Truelove, Grise Fiord) similarly, beginning nearshore and transecting offshore (Figure 1).  At 337 

Truelove, we sampled three stations between 0.65 km and 3.5 km of shore. At Grise Fiord, there 338 

is a constriction ~10 km from the head of the fjord, and we sampled three stations between 2 km 339 

and 15 km from this constriction point. The distance from shore/the glacier front where we began 340 

each transect was necessarily different due to differences in glacier hazards, bathymetry, and sea 341 

ice. 342 

 343 

3.3 In situ Measurements  344 

 345 

We collected in situ measurements of various water column properties using a RBR maestro3 346 

multi-channel logger (RBR Ltd, Ottawa) equipped with sensors for conductivity, temperature, 347 

pressure, dissolved oxygen, photosynthetic active radiation, chlorophyll a (Chl a), and turbidity. 348 

At each station, the logger was equilibrated at 5-m below the surface before being raised and 349 

lowered again via a hand-winch operated at a consistent speed of ~ 0.5 m/s. All data presented 350 

here was collected during the downcast. We processed the sensor measurements with the Ruskin 351 

software (https://rbr-global.com/products/software) and GSW Oceanographic Toolbox of TEOS-352 

10 (McDougall & Barker, 2011), and averaged the data in 1-m depth bins. We present transect 353 

contour plots of all logger data in the Supplementary Material (Dataset S2).  354 

 355 

3.4 Sample Collection and Analyses  356 

 357 

We collected water column bottle samples using 10-L Model 1080 (non-metallic) GO-FLO 358 

sample bottles, with a Teflon coated messenger (General Oceanics, Miami). We dismantled and 359 

https://rbr-global.com/products/software
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cleaned the GO-FLO bottles prior to use, according to seawater trace-metal clean procedures (i.e. 360 

0.1% Citranox soak, 3x MilliQ water rinse, isopropoal rinse, 12h 1.2M hydrochloric acid (HCl) 361 

soak, and 3 x MilliQ rinse, as described in Cutter and Bruland (2012)). We selected depths at 362 

which the bottles were triggered for sampling using the real-time logger profile to capture 363 

specific aspects of water column structure at each station. We generally collected samples at the 364 

surface, at the deep chlorophyll maximum (DCM) (if present), and at one or two deeper levels 365 

between 50 and 400 m depth. An exception is at Jakeman Glacier where the deepest bottle 366 

sample we could take was at 40 m depth due to challenging weather conditions.  367 

 We collected macronutrient (nitrate, NO3
-; nitrite, NO2

-; ammonia, NH3
+; phosphate, 368 

PO4
3-; and silicate, SiO4) samples by directly filling a 60-mL syringe through silicon tubing from 369 

the GO-FLO bottle, and filtering through a 0.22 μm polyethersulfone (PES) syringe filter into 370 

clean (3.7% HCl soaked, MilliQ water rinsed), 3x sample-rinsed 20-mL HDPE plastic 371 

scintillation vials. We immediately froze nutrient samples upon collection, and these remained 372 

frozen until analysis. Nutrient concentrations were analyzed within 1 month of collection on a 373 

Skalar SAN++ Continuous Flow Nutrient Analyzer at the CERC.OCEAN Laboratory (McGrath 374 

et al., 2019). The limits of detections for NO3
-, NO2

-, NH3
+, PO4

3-, and SiO4 concentrations were 375 

0.3, 0.15, 0.01, 0.2, and 0.08 µM respectively.  376 

 Samples for total dissolvable metals were first collected from the GO-FLO bottle water 377 

on deck before any other water samples were acquired. Wearing trace metal grade gloves, we 378 

rinsed the GO-FLO spigot with dilute trace metal clean HCl and then 3x rinsed and filled trace 379 

metal clean 60 mL high density polyethylene (HDPE) bottles with unfiltered water, directly from 380 

the cleaned spigot. Metal samples were acidified with quartz distilled HCl (Thermo Fisher) to 381 

0.024 M HCl (pH ~1.7–1.8) at the University of Washington and were left acidified for at least 6 382 

months. Quantification of Fe and Mn concentrations was achieved by inductively coupled 383 

plasma mass spectrometry (ICP-MS). Acidified total dissolvable samples were syringe filtered 384 

through a 0.2 µm polycarbonate track etched (PCTE; check this) rinsed with 5% v/v Trace Metal 385 

GradeTM nitric acid (HNO3; Thermo Fisher). The filtrate was then diluted by adding 125 µL to a 386 

final volume of 5 mL of 2% v/v quartz distilled nitric acid (Thermo Fisher). The dilutions were 387 

measured on an iCap ICP analyzer (Thermo Fisher) at the University of Washington and are 388 

reported here as total dissolvable Fe and Mn (TdFe, TdMn). Macronutrient and metal 389 

micronutrient concentrations for each sample is shown in Table S3.  390 
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 391 

We also collected water samples to analyze for Chl a concentration (Table S3) to validate 392 

the trends observed in the logger sensor data. We collected these samples from the GO-FLO 393 

bottle with silicon tubing into 3x sample-rinsed amber HDPC plastic bottles, and gently vacuum 394 

filtered through a 47-mm GF/F (Whatman) membrane in the dark. Generally, we filtered 395 

between 600-1600 mL of seawater for each Chl a sample. We wrapped the filter in foil and flash 396 

froze it in a liquid nitrogen charged dry shipper for transport, which remained frozen until 397 

analysis. We measured Chl a concentrations using a Turner Design AquaFluor Handheld 398 

Fluorometer following the EPA Method 445 (Arar & Collins 1997). We calibrated the 399 

fluorometer using a pure Chl a standard (C5753, Sigma). The limit of detection was 0.024 µg per 400 

liter seawater.  401 

 We performed all subsequent data analysis in the open-source programming language R 402 

using the readr, tidyverse, dplyr, patchwork, forecast, ggplot2, esquisse viridis and 403 

LakeMetabolizer packages. The numbers of samples and stations displayed in Figures 2-4 are 404 

summarized in Table S2.  405 

 406 

 407 

4 Results  408 

 409 

4.1 Glaciological comparisons 410 

 411 

Table 1 summarizes key glaciological features of the four glacierized sites. Since 1999, the 412 

terminus positions of all four glaciers have retreated between 217 m and 1,928 m (+/- 100m). 413 

Other notable features are: (1) the summer meltwater discharge (not including the mass loss due 414 

to calving) from each glacier is a similar order of magnitude, with Belcher Glacier having the 415 

largest flux, followed by Jakeman, Svedrup, and Sydkap; (2) with the prominent exception of 416 

Jakeman Glacier (<25%), all glaciers have a large (>80%) proportion of their terminus cliff 417 

submerged in the ocean; (3) solid ice discharge through calving is approximately an order of 418 

magnitude greater from Belcher Glacier than all other glaciers in this study combined; (4) the 419 

submarine discharge at Sverdrup and Jakeman Glaciers is likely being released at a much 420 

shallower depth (<50 m depth) in comparison to that at the Belcher and Sydkap Glaciers (>200 421 
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m depth and >100 m depth, respectively). We expect that the submarine discharge is likely 422 

released at a greater depth than the bed elevation where the ice thickness was measured (listed in 423 

Table 1), since the meltwater streams likely erode deeper channels at the ice-bed interface where 424 

they exit the glacier (Catania et al., 2018). At Sverdrup Glacier in particular, we estimate the 425 

submarine discharge depth to be ≥ 30 m at the main discharge portal (Williams et al., submitted).  426 

 There are several physical factors that determine a tidewater glacier's potential influence 427 

on the recipient marine environment, such as the proportion of the ice terminus in the water, the 428 

depth of meltwater discharge into the ocean, and the meltwater discharge flux (Hopwood et al., 429 

2019; Oliver et al., 2020; Wadham et al., 2019). Based solely on the proportion of the ice 430 

terminus in the water, we can broadly classify the marine environment distal to Belcher, Sydkap, 431 

and Sverdrup Glaciers as “strongly-tidewater-glacier-influenced” systems. We can classify 432 

Jakeman Glacier, comparatively, as a “weakly-tidewater-glacier-influenced” system, since 75% 433 

of its terminus is on land. By also considering the depth of submarine discharge and the 434 

meltwater flux, we can organize the four glaciers in this study along a continuum of stages in 435 

glacier retreat, with Belcher Glacier, the deepest tidewater glacier, and Jakeman Glacier, a 436 

glacier in recession to a land-terminating system, as the two extremes. Sydkap and Sverdrup 437 

Glaciers, with their intermediate grounding line depths (corresponding to the elevation of the 438 

glacier bed at the terminus listed in Table 1) and intermediate summer runoff fluxes, fall in 439 

between these extremes.  440 

  441 
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Table 1. Summary of characteristics of tidewater glaciers examined in this study. Bias-corrected melt 442 
runoff fluxes are reported for the 2019 summer melt season. Basin areas are from the Randolph Glacier 443 
Inventory v6 (RGI Constortium, 2017). Uncertainties for summer melt run-off flux, annual calving flux, 444 
elevation of the glacier bed at the terminus, and terminus retreat are indicated in brackets. Values in the 445 
last three columns (૪) were measured at the centerline only. The submarine discharge depth at Sverdrup 446 

Glacier (*) is likely deeper than indicated by the elevation of the glacier bed down the terminus centerline 447 
(details provided in text). Values for annual calving flux were obtained from Van Wychen et al. (2020). 448 
Ice thickness and elevation of glacier bed at the termini were obtained from NASA geophysical aerial 449 
surveys conducted in 2012 and 2014 (see Methods).  450 
 451 

Glacier  Location Basin 

Area 

(km2) 

Glacier 

Terminus 

Width 

(km) 

Width of 

Marine 

Terminating 

Portion (km) 

Summer 

Melt 

Run-Off 

Flux 

(Gt/yr)   

Annual 

Calving 

Flux 

(Gt/y) 

Ice 

Thickness 

at 

Terminus 

(m)૪ 

Elevation 

of Glacier 

Bed at 

Terminus 

(m a.s.l.)૪ 

Terminus 

Retreat: 

1999-2020 

(m)૪ 

Belcher  Devon Ice 

Cap, 

Devon Is. 

1134 11.9 9.8 0.75   

(0.14) 
0.29 
(0.031) 

271 -239 
(10) 

1669 
(100) 

Sydkap Sydkap Ice 

Field, 

Ellesmere 

Is.  

491 3.09 3.09 0.13 

(0.06) 
0.042 
(0.007) 

190 -140 
(10) 

1928 
(100) 

Sverdrup Devon Ice 

Cap, 

Devon Is. 

805 5.12 5.12 0.34 

(0.10) 
0.006 
(0.004) 

25 -21* 
(10) 

217 
(100) 

Jakeman Manson 

Ice Field, 

Ellesmere 

Is.  

670 12.9 3.1 0.55 

(0.08) 
N/A 51 -36 

(10) 
450 
(100) 

 452 

4.2 Comparisons of glacierized vs. non-glacierized marine sites  453 

 454 

By comparing water properties in the near-surface ocean waters of glacierized (i.e. proximate to 455 

Belcher, Sydkap, Sverdrup, Jakeman Glaciers) and non-glacierized (i.e. at the Truelove, Grise 456 

Fiord sites) marine regions, we reveal stark contrasts in nutrient and turbidity distributions, but 457 

not Chl a concentrations (Figure 2). Mean, median, and maximum concentrations of all 458 

macronutrients (NO3
-, PO4

3-, SiO4, and NH3
+) as well as TdFe and TdMn in the upper 40 m of 459 

the water column (surface) were consistently higher at the glacierized compared to the non-460 

glacierized sites (Table S4). Using a non-parametric Wilcoxon Rank Sum test to assess the 461 

significance of the differences, we show that nitrate, phosphate, silicate, iron, and manganese 462 

concentrations were all significantly (p < 0.01) higher in the samples from the glacierized sites. 463 

In contrast, ammonia concentrations were not significantly different between the glacierized and 464 
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non-glacerized sites (p > 0.05). Predictably, turbidity was significantly higher at the glacierized 465 

sites (p < 0.0001), consistent with the sources of particulate material being added to the marine 466 

system from the glaciers. As a result of these particle loads, the euphotic zone (calculated at 467 

0.1% surface irradiance) was significantly deeper in the less turbid non-glacierized regions (p < 468 

0.0001). Chl a, which may be influenced by both nutrient and light availability, was similar 469 

between the glacierized and non-glacierized regions (p > 0.05). 470 

 471 

  472 
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 473 

Figure 2. Comparisons of near-surface (upper 40 m) ocean water properties at glacierized (proximate to 474 
Belcher, Sydkap, Sverdrup, and Jakeman Glaciers) and non-glacierized (Truelove, Grise Fiord) sites. The 475 
individual bottle sample measurements are shown for macronutrient concentrations (a-d) (n = 60, 476 
glaciated and n = 11, unglaciated) and total dissolvable metal concentrations (e, f) (n = 41, glaciated, n = 477 
9, unglaciated). Turbidity (g) and Chl a (i) data are from continuous sensor measurements through the 478 
water column. For euphotic zone depth (h), estimates (corresponding to 0.1% of surface PAR) at 479 
individual stations (n = 31, glaciated and n = 6, unglaciated) are shown.  Note the log scale for Fe, Mn, 480 
turbidity and Chl a. The black bold horizontal line indicates the median value, and the lower and upper 481 
hinges correspond to the first (25th) and third (75th) quartiles, respectively. The whiskers extend to 1.5 482 
times the interquartile range (distance between first and third quartile) in each direction, with outlier data 483 
beyond the whiskers plotted individually. Numbers of samples / stations are given in Table S2. 484 
 485 

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

find systematic trends in surface nutrient concentrations and turbidity at glacierized sites (Figure 487 

3), suggesting that differences between the glacierized and non-glacierized sites are linked to 488 

glacial activity. Specifically, we observed the highest median concentrations of NO3
-, PO4

3-, 489 
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SiO4, TdFe and TdMn in closest proximity to the glacier terminus. Comparatively, the non-490 

glacierized sites exhibited no systematic relationship for any nutrient with distance from shore. 491 

Turbidity was also highest (median = 9.6 NTU) and the euphotic zone depth was the shallowest 492 

(median = 8.5 m) at the stations closest to the ice front, with turbidity decreasing and euphotic 493 

zone depth increasing with distance away from the terminus. In contrast, concentrations of Chl a, 494 

which were more uniform between the glacierized and non-glacierized regions (Figure 2), 495 

exhibited no systematic pattern in correlation with distance from the ice front, near-surface major 496 

nutrient concentrations, or euphotic zone depth.  497 
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 498 

Figure 3. Comparisons of surface (upper 40 m) ocean water properties in glaciated (proximate to Belcher, 499 
Sydkap, Sverdrup, and Jakeman Glaciers) and non-glacierized (Truelove, Grise Fiord) sites at select 500 
stations along near-to-offshore transects (see Figure 1), plotted by distance from the glacier terminus / 501 
shore. The individual bottle sample measurements are shown for nutrient (a-d) and total dissolvable metal 502 
(e,f) concentrations. Turbidity (g) and Chl a (i) data are from continuous sensor measurements through 503 
the water column. For euphotic zone depth (h), estimates (corresponding to 0.1% of surface PAR) at 504 
individual stations are shown. Note the log scale for Fe, Mn, turbidity and Chl a. Numbers of samples / 505 
stations are given in Table S2. Median, hinges, whiskers and outlier data are as described for Figure 2.  506 
 507 

4.3 Variation across different glacier systems  508 

 509 

Surface (upper 40 m) macronutrient concentrations within 10 km of the ice front also varied 510 

significantly (p<0.05; Table S4), and often systematically, across the different glacierized sites 511 
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(Figure 4). Belcher and Sydkap Glaciers represent the deepest tidewater glaciers we investigated 512 

(Table 1), and we find the highest average and median surface nitrate, phosphate, and silicate 513 

concentrations in proximate marine waters were associated with these sites. Belcher Glacier site 514 

median concentrations were [NO3
-] = 1.8 μM, [PO4

3-] = 0.51 μM, and [SiO4] = 4.9 μM, while 515 

Sydkap Glacier site median concentrations were [NO3
-] = 2.3 μM, [PO4

3-] = 0.50 μM, and [SiO4] 516 

= 6.0 μM. Comparatively, Sverdrup and Jakeman Glaciers have shallow submarine discharge 517 

depths (Table 1), and these sites showed variable trends with respect to macronutrient 518 

concentrations. Macronutrient concentrations at the Sverdrup Glacier site were relatively high 519 

and more similar to those at the Belcher and Sydkap Glacier sites compared to those at the 520 

Jakeman Glacier site (median concentrations at the Sverdrup Glacier site were [NO3
-] = 1.7 μM, 521 

[PO4
3-] = 0.42 μM, and [SiO4] = 4.2 μM). Macronutrient concentrations at the Jakeman Glacier 522 

site, in contrast, were comparable to the non-glacierized sites (median concentrations at the 523 

Jakeman Glacier site were [NO3
-] = 0.005 μM, [PO4

3-] = 0.36 μM, and [SiO4] = 1.6 μM). 524 

Jakeman Glacier has a slightly deeper estimated grounding line (-36 +/- 10 m a.s.l.) and larger 525 

estimated summer discharge (0.55 Gt/y) than Sverdrup Glacier (-21 +/- 10 m a.s.l. and 0.34 526 

Gt/y). However, given the small proportion of Jakeman Glacier’s calving front found in the 527 

water, a significant amount of its discharge is released first on land, rather than directly into the 528 

ocean. Notably, the first (bottle) station at the Jakeman Glacier site is further from the terminus 529 

(> 3 km) than at our other glacierized sites (≤ 1 km), which likely also accounts for differences 530 

we observed in macronutrient concentrations between the Sverdrup Glacier and Jakeman Glacier 531 

sites. Finally, we note that ammonia concentrations do not appear to systematically vary across 532 

our glacierized sites in a similar way to nitrate, phosphate and silicate concentrations.  Instead, 533 

ammonia concentrations are similar across all of the glacierized sites. Ammonia was particularly 534 

enriched in waters proximate to Sydkap Glacier, where we observed a high density of seabird 535 

aggregation, which has previously been linked to elevated ammonium levels.  536 

 In general, total dissolvable metal micronutrients (TdFe, TdMn) in the surface ocean also 537 

varied systematically between our glacierized sites (Figure 4). We observed higher metal 538 

concentrations at the strongly-tidewater-glacier-influenced sites (Belcher Glacier site median 539 

concentrations were [Fe] = 1447 nM and [Mn] = 13 nM; Sydkap Glacier site median 540 

concentrations were [Fe] = 2017 nM and [Mn] = 51 nM; and Sverdrup Glacier site median 541 

concentrations were [Fe] = 13483 nM and [Mn] = 146 nM) compared to the weakly-tidewater-542 
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glacier-influenced site (Jakeman Glacier site median concentrations were [Fe] = 1100 nM and 543 

[Mn] = 15 nM).  Notably, the maximum concentrations of TdFe and TdMn were very high at the 544 

Belcher, Sydkap, and Sverdrup Glacier sites compared to those at the Jakeman Glacier site 545 

(Figure 4), with ocean waters distal to Sverdrup Glacier, in particular, being especially enriched 546 

(Figure 4). This is likely due to the fact that this was the only site where we could easily see the 547 

plume at the surface, and as a result, extensively sampled it. In tandem with the total dissolvable 548 

metals, turbidity was also higher, with much larger maximum values, at the Belcher, Sydkap, and 549 

Sverdrup Glacier sites compared to at the Jakeman Glacier site.  550 

 Turbidity, light, and Chl a exhibited distinct patterns. Turbidity and light followed the 551 

same systematic variation observed for the macronutrient and metal concentrations, showing 552 

larger changes at the strongly-glacier-influenced sites relative to the weakly-glacier-influenced 553 

site (Figure 4). The near-surface ocean within 10 km of the ice front of Belcher, Sydkap and 554 

Sverdrup Glaciers was more turbid and had shallower euphotic zone depths compared to at the 555 

Jakeman Glacier site (Wilcoxan Rank Sum Test, p < 0.0001). In contrast, Chl a concentrations 556 

did not exhibit systematic trends across the different glacier systems (discussed below). 557 

  558 
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 559 

Figure 4. Comparisons of surface (upper 40 m) ocean water properties at tidewater glaciers in the CAA 560 
within 10-km of the ice front. Sites are organized by the estimated grounding line depth, with Belcher 561 
Glacier representing the deepest tidewater glacier considered and Jakeman Glacier representing a glacier 562 
in recession to a land-terminating system. The individual data points (corresponding to bottle samples at 563 
discrete depths) are shown for the nutrient (a-d) and total dissolvable metal (e,f) concentrations. Turbidity 564 
(g) and Chl a (i) data are from a continuous sensor measurement through the water column. Euphotic 565 
zone depth (h) was estimated at 0.1% of surface PAR at each station (individual data points). Note the log 566 
scale for Fe, Mn, turbidity and Chl a. Numbers of samples / stations are given in Table S2. Median, 567 
hinges, whiskers and outlier data are as described in Figure 2.  568 
 569 

4.4 Interactions between turbidity, light, nutrients and chlorophyll a  570 

 571 

The relationships observed between the vertical distributions of turbidity, light, nitrate and Chl a 572 

at the various glacierized and non-glacierized sites were varied and in some cases unexpected. 573 
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This is not surprising when considering the conflicting influences glacier meltwater input can 574 

have on primary production: light availability can be restricted by the glacier-derived sediment 575 

plume, which could limit phytoplankton growth, while the delivery of limiting nutrients (e.g. 576 

NO3
-; Figure S1) could enhance the growth of primary producers in the presence of sufficient 577 

light. At the non-glacierized sites, Truelove Bay and Grise Fiord, we generally observed the 578 

expected relationships between light, nitrate and Chl a in summer Arctic waters. Specifically, 579 

vertical profiles showed a maxima in Chl a deeper in the water column where light was still 580 

available and nitrate concentrations began to increase (Figure 5a and b). At the Jakeman Glacier 581 

site, a weakly-glacier-influenced system, turbidity was low and light was plentiful, but the 582 

relative lack of nitrate at stations in close proximity to the terminus (S4 and S6, ~4 km and 8 km 583 

from the glacier terminus, respectively) may be limiting chlorophyll accumulation (Figure 5c). 584 

At the Belcher and Sverdrup Glacier sites (Figure 5d and e), more strongly-glacier-influenced 585 

systems, a turbid submarine discharge plume restricted light penetration, which appears to 586 

influence Chl a distribution. At the station closest to the Belcher Glacier discharge (S10), the 587 

presence of a large turbid plume is evident resulting in light attenuation throughout the water 588 

column (Figure 5d). There is no peak in Chl a observed anywhere in the water column. Three 589 

kilometers downstream at S11, the turbid plume is no longer observed and the euphotic zone 590 

deepens, yet no increase in Chl a is evident. Interestingly, ~7 km from the glacier front at S13, 591 

under similar light and nutrient conditions present at S11, a peak in Chl a is present ~20 m below 592 

the surface. At the Sverdrup Glacier site (Figure 5e), the turbid plume is significantly shallower 593 

than at the Belcher Glacier site and its presence is detected at ~ 1 and 4 km from the glacier front 594 

(stations S22 and S27 respectively). Interestingly, peaks in Chl a are evident from within 1 km of 595 

the glacier terminus to ~13 km out (S22, S27, S31) where there appears to be sufficient light and 596 

nitrate present. However, peaks in Chl a occur below the calculated euphotic zone at all 3 597 

stations, and within (S27) or below (S22) turbid waters (Figure 5e). This trend is also evident at 598 

all the other stations (S23, S24, S25, S26, S28, S29, S30) sampled within 13 km of the Sverdrup 599 

Glacier terminus (Polar Data Catalogue, Canadian Cryospheric Information Network (CCIN) 600 

Reference No. 13211). Water column profiles from Sydkap Glacier showed elevated 601 

macronutrient and ammonia concentrations in the presence of sufficient light, but no discernable 602 

peak in Chl a (Figure 5f). This suggests that more complex biological and physical processes, 603 

beyond the scope of our study, were impacting nutrient dynamics and productivity at this site.    604 
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 605 

Figure 5. Vertical profiles of Chl a concentration (x-axis) and turbidity (color) measured at stations along 606 
marine transects emanating from the non-glacierized regions (a) Truelove, (b) Grise Fiord, and the 607 
glacierized sites at (c) Jakeman, (d) Belcher, (e) Sverdrup and (f) Sydkap Glaciers. The orange line shows 608 
the euphotic zone (to 0.1% surface PAR). The black line represents the depth range in which nitrate 609 
concentrations exceed 1 μM, with the dotted line indicating the range of depths in which this 610 
concentration threshold is reached. Subplots without a black line are those in which nitrate values above 1 611 
μM were not detected in the upper 75-m of the water column. Station names (with distance from the 612 
glacier terminus / shore in parentheses) are given above each profile. 613 
 614 

 615 

5 Discussion  616 

 617 

5.1 Glaciers impact nutrient concentrations in the CAA coastal ocean  618 

 619 

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

and corresponding impacts up the food chain, have been the subject of speculation since the late 621 
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1930s (Cooper, 1952; Hartley & Dunbar, 1938; Vibe, 1939). In the last study on this topic in the 622 

CAA, Apollonio (1973) compared glacierized (South Cape Fiord) and non-glacierized (Grise 623 

Fiord) fjords in springtime, before sea ice melt.  This study reported significantly higher nitrate 624 

concentrations in South Cape Fiord compared to Grise Fiord and open water in Jones Sound; 625 

whereas nitrate concentrations at the latter two sites were not significantly different. In contrast, 626 

he observed no statistically significant differences in phosphate or silica concentrations between 627 

the three sites. Despite this, Apollonio suggested that silica was likely present in significantly 628 

greater concentrations in the glacierized region. Building directly on this work, our comparison 629 

of nutrient concentrations in glacierized South Cape Fiord (i.e. in the proximity of Sydkap 630 

Glacier) and non-glacierized Grise Fiord in August 2019 illustrates a similar pattern of enhanced 631 

nitrate in the glacierized fjord (Apollonio, 1973). Our study expands these findings to include 632 

additional glacierized (in the proximity of Belcher, Sverdrup and Jakeman Glaciers) and non-633 

glacierized (Truelove Bay) regions, and also demonstrates that the pattern of nitrate enhancement 634 

in glacierized regions extends to other macronutrients (phosphate, silicate) as well.  635 

 Though comparisons between adjacent glacierized and non-glacierized regions are sparse 636 

in the literature, the finding that surface marine waters in glacierized regions have enriched 637 

macronutrient (nitrate, phosphate, and silicate) concentrations (Figure 2), compared to typical 638 

Arctic surface ocean concentrations (Michel et al., 2006; Randelhoff et al., 2020), is consistent 639 

with recent results from Greenland and Svalbard fjords (Halbach et al., 2019; Kanna et al., 2018; 640 

Meire et al., 2017). However, the enrichments we observed here are generally much lower than 641 

those found in Greenlandic glacier systems. For example, at Bowdoin Glacier in northwest 642 

Greenland, where the subglacial discharge transects were conducted on a similar scale to this 643 

study, Kanna et al. (2018) report average nitrate (12.3  ± 0.6 (1 SD) μM), phosphate (1.0 ± 644 

0.1μM), and silicate (12.3 ± 0.7 μM) concentrations in the plume surface waters that are much 645 

higher than those measured at any of the sites considered here in the CAA. Enrichment of this 646 

magnitude is not unique to the Bowdoin Glacier system: nitrate concentrations up to 12 μM were 647 

also observed in the upper 40-m of the water column within 10 km of the terminus of Narsap 648 

Sermia, a glacier draining into Godthabsfjord in southwest Greenland (Meire et al., 2017). 649 

Comparatively, average macronutrient concentrations observed by Halbach et al. (2019) in the 650 

surface (upper 10-m) waters of Kongsfjorden in the Svalbard archipelago, which has four smaller 651 

tidewater glaciers draining into it ([NO3
-] = 1.15 ± 0.39 μM, [PO4

3-] = 0.08 ± 0.03 μM, [SiO4] = 652 



manuscript submitted to Global Biogeochemical Cycles 

28 

 

3.32 ± 0.33 μM), are similar to those observed here in the surface waters (upper 10-m) of the 653 

glacierized sites in Jones Sound ([NO3
-] = 1.6 ± 1.5 μM, [PO4

3-] = 0.45 ± 0.16 μM, [SiO4] = 4.57 654 

± 2.79 μM). We propose that the similarity between the tidewater glaciers in this study and the 655 

Svalbard archipelago glacier systems, rather than tidewater glaciers in Greenland, is likely 656 

related to the mechanism by which macronutrients are being delivered to the surface waters of 657 

glacierized regions (see Section 5.2).  658 

 The elevations in total dissolvable Fe and Mn in surface waters that we observe here are, 659 

to our knowledge, the first measured in surface waters directly impacted by CAA tidewater 660 

glaciers.  However, such enrichments from glacial sources were hypothesized based on recently-661 

reported distributions of dissolved Mn and Fe in the broader CAA region (Colombo et al., 2020). 662 

Others have also observed increases in Fe availability as a result of direct glacial input in 663 

glacially-impacted systems in Greenland (Hawkings et al., 2018a; Hawkings et al., 2014; Kanna 664 

et al., 2020) and Antarctica (Annett et al., 2017; Henkel et al., 2018). The spatially-variable and 665 

highly-elevated TdFe concentrations we observe are consistent with these previous 666 

measurements, and in fact appear to be among the highest such values reported to date 667 

(Hopwood et al., 2019). TdFe was reported to be as high as 20 µM inside glacierized 668 

Godthåbsfjord in southwest Greenland (Hopwood et al., 2018), compared to our > 30 µM values 669 

within the Sverdrup Glacier plume waters. TdFe measurements from Sermilik Fjord, at the 670 

margin of Helheim Glacier in southeast Greenland, show a 3-8 fold enhancement in surface 671 

TdFe in the fjord and downstream (> 100 km from the glacier terminus) (Cape et al., 2018). Here 672 

we observe enrichment in TdFe and TdMn (mean 10-fold increase over open Jones Sound 673 

TdFe/TdMn between ~1-10 km of the ice terminus) that decreases as distance from the glacier 674 

termini increases. Given our currently-limited understanding of the factors controlling metal 675 

delivery, solubility, and persistence in glacier-ocean systems (Hopwood et al., 2019), it remains 676 

challenging to put these first observations of metal micronutrient concentrations in CAA 677 

glacierized regions into more complete context with other systems. These data do, however, 678 

highlight the need for better spatial and chemical resolution of metal micronutrient dynamics in 679 

these systems.  680 

 681 

5.2 Mechanisms of nutrient delivery to the surface ocean 682 

 683 
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Two different mechanisms have been put forward to account for the presence of elevated 684 

macronutrient concentrations in surface waters in the proximity of tidewater glacier fronts: (1) 685 

that glaciers deliver nutrients to the surface waters directly via nutrient-enriched runoff from the 686 

glacier (Beaton et al., 2017; Hawkings et al., 2016; Hendry et al., 2019) and (2) that the 687 

freshwater flux from marine-terminating glaciers causes deep seawater, which is rich in 688 

nutrients, to come to the surface with the rising submarine discharge plume (Hopwood et al., 689 

2018; Kanna et al., 2018; Meire et al., 2017). While Apollonio (1973) hypothesized that the 690 

direct delivery of nutrient-enriched runoff resulted in the elevated macronutrient concentrations 691 

he observed at Sydkap Glacier in spring, the plume-upwelling mechanism has been shown to be 692 

important in numerous other similar glacier-ocean systems (Halbach et al., 2019; Kanna et al., 693 

2018; Lydersen et al., 2014). 694 

 There are multiple indications that in our strongly-influenced tidewater glacier systems 695 

(i.e. Belcher and Sverdrup Glaciers), it is the upwelling of deeper, nutrient-rich seawater that 696 

underpins the elevated macronutrient concentrations observed. First, we see signatures of 697 

upwelling in the nearfield of the glacier termini in these systems in multiple fields mapped by the 698 

multi-channel logger measurements on transects emanating from the glacier calving front (Figure 699 

6a and b). For example, at both the Belcher and Sverdrup sites, subsurface isopycnals tilt 700 

upwards toward the glacier front, as shown by the highlighted potential density anomaly surface 701 

of σθ= 26 kg/m3.  Consistently, low dissolved oxygen concentrations, characteristic of deeper 702 

waters, are seen in shallower sections of the water column at stations close to the glacier front.  703 

In contrast, at Jakeman Glacier (Figure 6c), a site not strongly influenced by tidewater glacier 704 

input, and at the non-glacierized sites (Figure 6d and e), isopycnals are relatively flat and upper 705 

ocean dissolved oxygen values remain relatively high, thus indicating a lack of upwelling of 706 

deeper waters. Notably though, our measurements from Jakeman Glacier begin at a distance 707 

from the terminus that may preclude us from observing stronger upwelling, were it present. 708 

Sydkap Glacier is anomalous, with no clear signature of upwelling detected (Dataset S2). We 709 

suspect this is due to insufficient resolution in our sensor measurements in this region, rather 710 

than an absence of upwelling. Our sampling resolution was likely insufficient here because this 711 

region (South Cape Fiord) appears to have a more complicated fjord circulation than our other 712 

study sites. 713 
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 714 

Figure 6. Section plots of dissolved oxygen concentration (color) and potential density anomaly (contour 715 
lines) for transects out from the termini of (a) Belcher, (b) Sydkap, (c) Sverdrup, and (d) Jakeman 716 
Glaciers as well as from the shore at (e) Truelove Bay and (f) Grise Fiord where no glaciers are present. 717 
Filled circles show points where profile data was collected colored by the direct (non-interpolated) 718 
measurement. The isopycnal used to calculate upwelling strength (Figure 8) is shown in red. 719 
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 720 
 A further indication that enhanced macronutrient concentrations are sourced from deeper 721 

marine waters is found in an examination of the correlation of nutrient concentrations with 722 

apparent oxygen utilization (AOU) (Figure 7). AOU was calculated as described in Benson and 723 

Krause Jr. (1984) using the logger measurements of temperature, dissolved oxygen concentration 724 

and salinity, and is the difference between measured dissolved oxygen concentration and its 725 

equilibrium concentration at saturation. Positive AOU values can result from remineralization of 726 

organic matter, which consumes oxygen and generates macronutrients. A positive correlation 727 

between AOU and macronutrient concentrations suggests that nutrient concentrations and AOU 728 

are influenced by the same processes. Strong positive linear relationships (Pearson correlation, p 729 

< 0.01) between AOU and macronutrient concentrations, observed at all three strongly-730 

influenced glacierized sites (Belcher, Sydkap, and Sverdrup Glaciers), suggests that in these 731 

systems, remineralization in deeper marine waters is a significant macronutrient source. Further, 732 

a lack of correlation between AOU and turbidity (Figure 7), which is supplied by glacier input 733 

directly and enriched in low-density water, suggests macronutrients are not appreciably supplied 734 

via direct glacial input. 735 

 Notably, TdFe and TdMn concentrations are not correlated with AOU, and instead 736 

display very similar distributions to turbidity (Figure 7). This suggests that these micronutrients 737 

are, in contrast to macronutrients, supplied directly from glacier discharge. This conclusion is 738 

consistent with the result that variations in macronutrient concentrations across the different sites 739 

show a different pattern to variations in TdFe and TdMn concentrations, turbidity and light 740 

availability (Figure 4). Further, it is also evident, based on depth profiles of these metals (Figure 741 

S2), that upwelled deep water would not be enriched in TdFe or TdMn, and so could not be the 742 

source to the upper water column. The distinction between the proposed delivery mechanisms of 743 

macro- vs micro-nutrients in these systems is significant, as it may imply differing dependencies 744 

on glacial forcing parameters as well as differing sensitivities to change. 745 
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 746 

Figure 7. Apparent oxygen utilization (AOU) versus turbidity, TdFe, TdMn, and nitrate (NO3
-), phosphate 747 

(PO4
3-), and silicate (SiO4

-) concentrations in the marine waters at (a) Belcher (b) Sydkap and (c) Sverdrup 748 
Glaciers. The color scale indicates potential density anomaly in the water column. Positive linear 749 
relationships were assessed using a Pearson correlation and were significant (p < 0.05) between AOU and 750 
major macronutrient concentrations along each transect. Positive linear correlations between AOU and 751 
turbidity, TdFe, and TdMn were not significant (p > 0.05).   752 
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 753 
5.3 Influence of tidewater glaciers on factors driving marine primary production  754 

 755 

Though the presence of glaciers in Jones Sound clearly impacts factors that drive primary 756 

productivity, potential effects on phytoplankton growth are complex. This is not surprising 757 

considering the interplay of physical and biological processes affecting Chl a concentrations in 758 

our study sites, including light attenuation in sediment-laden meltwater plumes, fjord/estuarine 759 

filter effects, plankton nutritional status, and microbial nutrient and carbon utilisation pathways. 760 

Ultimately, primary productivity in glacial fjords is a balance between all of these varying 761 

influences. In the Arctic summer, when light is plentiful, standing nutrient stocks will be drawn 762 

down by primary producers in the euphotic zone unless replenished (Randelhoff et al., 2020). In 763 

our study, this drawdown is evident in the lower nutrient concentrations observed at the non-764 

glacierized sites (Truelove Bay and Grise Fiord) and at Jakeman Glacier, a system weakly 765 

influenced by tidewater glacier input. The higher micro- and macro-nutrient concentrations 766 

observed at the glacierized sites point to either a lack of drawdown due to limited light 767 

penetration in the meltwater plumes or a mechanism for nutrient replenishment continually 768 

present throughout the summer. Given that we have documented upwelling of nitrate-enriched 769 

waters co-located with elevated surface nitrate levels, glacier-driven replenishment by upwelling 770 

appears to play an important role in the observed elevated macronutrient concentrations. The 771 

absence of enhanced Chl a concentrations close to the glacier fronts (e.g. at Belcher Glacier) is 772 

not surprising given light attenuation caused by the suspended sediments in the rising glacial 773 

meltwater plume. Previous studies in Greenland and Alaska have noted that Chl a concentrations 774 

and primary productivity measurements are typically highest distal (> 20 km) to the ice front, 775 

once a significant proportion of glacially-derived silt has settled out and the euphotic zone depth 776 

has increased (Etherington et al., 2007; Meire et al., 2017). Thus, a “goldilocks zone” outside of 777 

the turbid plume but proximal to the ice edge where the nutritive benefits of the plume can still 778 

be experienced by in situ phytoplankton has been found to be typical in Greenlandic and Alaskan 779 

glacierized fjords (Kanna et al., 2018; Meire et al., 2017). However, in smaller glacial systems, 780 

such as in the Svalbard (Halbach et al., 2019) or as shown here in the CAA, this zone might exist 781 

closer to the glacier front.  782 

 783 
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The locally-elevated macronutrient concentrations observed here are likely most 784 

impactful in waters just downstream from these glacier systems. However, the metal 785 

contributions we observed have the potential to impact productivity regionally. While 786 

phytoplankton growth in the CAA is unlikely to be limited by micronutrient availability, regions 787 

downstream, including the Labrador Sea, can have areas of extremely low metal concentrations 788 

(Colombo et al 2020), and thus have the potential to be impacted by enhanced metal delivery 789 

from upstream CAA glacier sources. While some of the elevated TdFe and TdMn in these glacier 790 

systems will be subject to estuarine removal (Schroth et al., 2014), given the extremely high 791 

TdFe and TdMn values we observed here, previous observations of elevated DFe and DMn 792 

concentrations adjacent to CAA glacier systems (Colombo et al., 2020), and signatures of 793 

elevated metal availability 10s to 100s of kilometers from glaciers in other systems (Hopwood et 794 

al., 2019), these contributions may indeed influence metal availability in recipient seas. Notably, 795 

the Labrador Sea contains regions that bear signatures of elevated metal concentrations, which 796 

may be associated with glacier and/or shelf-derived sources (Colombo et al., 2020; Tonnard et 797 

al., 2020). Studies in the North Atlantic also note high Fe, Mn and other metal concentrations 798 

associated with Labrador Sea water masses: these may be consistent with a glacier source, 799 

though this requires further investigation (Conway & John, 2014; Noble et al., 2017). A portion 800 

of glacier-derived metal signatures is likely to be highly bioavailable as nanoparticulate iron, as 801 

observed in other glacial systems (Hawkings et al., 2018a; Hawkings et al., 2014). The 802 

partitioning of these metal contributions into different chemical phases that are more or less 803 

likely to remain in solution or suspension for long-range transport are likely to be strongly 804 

impacted by the organic environment in which they are delivered and processed (Zhang et al., 805 

2015), as well as by possible benthic recycling (Wehrmann et al., 2014). As such, future work is 806 

required to examine the role of this metal delivery in shaping micronutrient bioavailability 807 

locally and regionally. 808 

 809 

 810 

6 Conclusions  811 

 812 

In the first assessment of glacier-ocean interactions in the CAA in 50 years, we use Jones Sound 813 

as a natural laboratory to examine the role of glaciers in marine biogeochemistry, exploiting its 814 
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continuum of tidewater glacierized, partially tidewater glacierized, and non-glacierized sites. To 815 

summarize key aspects of these interactions, we examine the relationship between tidewater 816 

subglacial discharge, a metric of observed upwelling strength, and euphotic zone nutrient 817 

enrichment (Figure 8). This analysis, excluding Sydkap Glacier for reasons described above, 818 

reveals a significant correlation (Pearson correlation coefficient) between tidewater discharge 819 

volume and upwelling strength (p = 0.004), as well as nitrate enrichment (p = 0.02). This 820 

suggests that the volume of water discharged sub-glacially is an important determinant of the 821 

strength of upwelling and macronutrient delivery to the euphotic zone. However, the degree of 822 

macronutrient enrichment will also depend directly on macronutrient concentrations in the water 823 

column at the depth of glacial discharge (Hopwood et al., 2018; Oliver et al., 2020). Our results 824 

indicate that even glaciers with shallow grounding lines, provided they have sufficient glacial 825 

discharge below the marine nutricline, can enhance delivery of macronutrients to near-surface 826 

waters (Halbach et al., 2019; Williams et al., submitted). Unlike macronutrient concentrations, 827 

however, a correlation between surface water total dissolvable metal micronutrient enrichment 828 

and tidewater discharge volume does not exist (data not shown), highlighting that there is 829 

considerable work to be done to understand the factors (geological, glacial, biological, and 830 

oceanographic) that control metal delivery to surface waters in glacial systems.   831 

  832 
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  833 

Figure 8. Relationships between annual tidewater discharge (modeled discharge in Table 1 scaled by the 834 
fraction of the glacier terminus that interfaces with the ocean), a metric of upwelling strength, Δz (the 835 
change in depth of the 1026 kg/m3 isopycnal from open water in Jones Sound to within 12-km of the 836 
terminus / shore), and a metric of euphotic zone nutrient enrichment, Δ nitrate (the change in average 837 
nitrate concentration from open water in Jones Sound to within 12-km of the terminus/shore). Sydkap 838 
Glacier, showing anomalous relationships to the other systems, is shown in grey open symbols.  839 
 840 

Glaciers in the CAA, and their associated impacts on the marine environment, are 841 

vulnerable to change (Cook et al., 2019). In the future, as they retreat, the discharge point of 842 

these glaciers will change. Many tidewater glaciers in the CAA (e.g. Sverdrup Glacier) are 843 

situated on retrograde bed slopes, meaning that their termini will remain below sea-level even 844 

with kilometer-scale retreat. Owing to their bed slope geometry, these glaciers will likely exhibit 845 

a deepening of the depth at which their submarine freshwater discharge is released in the ocean 846 

as they retreat on this scale. Conversely, the discharge depths of glaciers on prograde slopes (e.g. 847 

Sydkap Glacier) will likely exhibit a shoaling with glacier retreat. In the short term, submarine 848 

discharge released at shallower, yet still below the nutricline, depths in the ocean will enable 849 
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macronutrients entrained by the buoyant plume to reach the surface (Halbach et al., 2019). 850 

Additionally, with increased climate warming, longer melt seasons may increase the number and 851 

temporal consistency of plumes released at the glacier terminus, resulting in smaller but more 852 

consistent upwelling (Halbach et al., 2019). However, inevitably, with continued melt, glaciers 853 

that terminate in the ocean will cross a grounding line threshold and become land-terminating 854 

(expected first for systems like Jakeman Glacier), shifting their discharge point to the ocean 855 

surface. Our observations suggest that such changes will result in the loss of the glacier-driven 856 

upwelling of limiting macronutrients to the euphotic zone along CAA coastlines, and may further 857 

reduce nutrient delivery to the surface as a result of enhanced stratification. However, as glacial 858 

discharges grow and then shrink as melt accelerates, it is possible that metal delivery to the 859 

oceans will scale similarly. Given the extremely large inputs of metal micronutrients detected 860 

here, and the importance of metal micronutrients for productivity in downstream environments in 861 

the North Atlantic (Achterberg et al., 2018), constraining the processes controlling metal fate and 862 

bioavailability in these systems, and how they may respond to change, is critical. Additional 863 

focus is also required to develop predictive models of the cumulative impact of glaciers in the 864 

CAA on both local and regional primary productivity in the face of climate change. 865 
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