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Abstract Polar freshwater ecosystems are sensitive to climate change, facing increasing temperatures and
its consequences such as glacier retreat. Phosphorus and/or fixed nitrogen are widely expected to limit primary
production in most freshwater environments, however the role of micronutrients is largely un-characterized. We
measured dissolved nitrate and nitrite, phosphate, cobalt, iron, manganese and zinc in a selection of Greenland
and Antarctic lakes, and report the first evaluation of cobalt regulating phytoplankton growth in these systems
using bioassay incubations. Results showed cobalt potentially co-limited phytoplankton in three of the eight
sites tested. A time-series of dissolved cobalt measured in Kobbefjord (southwest Greenland) runoff
corroborated low cobalt availability during summer. This was in contrast to manganese and iron which remained
at high concentrations throughout summer. We hypothesize that high manganese:cobalt and/or zinc:cobalt
ratios in runoff, may impede cellular cobalt acquisition, meaning cobalt co-limitation of primary production is
plausible in many polar freshwater environments.

Plain Language Summary Primary production in aquatic environments relies on supplies of bio-
accessible nitrogen and phosphorus in addition to light availability. Glacier melt and permafrost degradation
have accelerated worldwide over the past two decades, inducing changes in these resources with ensuing
ecological impacts. The potential ecological role of bio-essential metals such as cobalt has however been
sparsely tested in polar aquatic environments. Here we conducted nutrient addition bioassay incubations in a
selection of Greenland and Antarctic lakes, and found phytoplankton growth was potentially co-limited by
dissolved cobalt availability in three of the eight tested sites. Manganese, zinc and cobalt can compete for
cellular uptake, therefore we further analyzed dissolved concentrations in runoff across a multi-year time-series,
finding that the ratios of these elements are potentially conducive to inhibition of cobalt uptake. We hypothesize
that cobalt may more broadly co-limit aquatic primary production as a result of high manganese:cobalt and/or
zinc:cobalt ratios, with potential impacts on microbial community composition.

1. Introduction

Seasonal growth of phytoplankton in most aquatic environments is moderated by a range of “bottom-up” factors
including the availability of light and the elements nitrogen (N) and phosphorus (P). Polar freshwater ecosystems
are commonly oligotrophic with low temperature and extreme seasonal light availability contrasting the polar
summer and the polar night. N-, P- and/or light limitation of phytoplankton growth is often evident (Burpee
et al., 2016; Olgun et al., 2024, see also Table S1 in Supporting Information S1). These climatically sensitive
environments are experiencing rapid changes in the availability of these resources which may induce far-reaching
biogeochemical feedbacks. Runoff from the world's ice sheets and glaciers has increased regionally since the
1980s (Bliss et al., 2014; Davison et al., 2024; Mankoff et al., 2020). As glaciers retreat inland, the development of
lake systems moderates the downstream propagation of sediment and the dissolved constitutes of meltwater
(Anderson et al., 2017; Prater et al., 2022). Whilst chemical fluxes associated with transforming ice melt and
glacier runoff are relatively well studied (Bhatia et al., 2021; Wadham et al., 2019), uncertainties remain con-
cerning what bottom-up controls regulate phytoplankton growth at the interface between the cryosphere and other
downstream aquatic environments (Burpee et al., 2018).

ZHU ET AL.

1 of 10


https://orcid.org/0000-0002-1801-3593
https://orcid.org/0000-0002-5887-4929
https://orcid.org/0000-0002-2864-6087
https://orcid.org/0000-0002-3061-2767
https://orcid.org/0000-0002-9743-079X
mailto:Zhukc@sustech.edu.cn
mailto:mark@sustech.edu.cn
https://doi.org/10.1029/2024GL110065
https://doi.org/10.1029/2024GL110065
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024GL110065&domain=pdf&date_stamp=2024-11-29

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL110065

Freshwater lakes located in both Greenland and the Antarctic Peninsula have a short annual ice-free period,
and limited exchanges of nutrients and organic matter with the surrounding environment. As aquatic envi-
ronments where snow and ice melt may constitute a major source of external nutrients on annual timescales
(Burpee et al., 2018), they represent interesting environments to test the proximal limiting factors for
phytoplankton growth. The increasing duration of the ice-free summer period has enhanced exchange of
atmospheric CO,, elevated temperature, and increased nutrient influx and primary productivity in lakes in the
Antarctic (Choudhary et al., 2018a, 2018b). Around Greenland, higher turbidity combined with the influence
of modest labile phosphorus and organic carbon inputs is thought to be a major driver of ecological dynamics
in meltwater affected lakes (Burpee et al., 2018). A recent study using phytoplankton and macro- and micro-
nutrient data from a range of freshwater environments indicated P-limitation in the lakes, ponds, and streams
of King George Island (Antarctica) where the local phytoplankton community was dominated by pennate
diatoms (Olgun et al., 2024). Similarly, P-limitation has been implicated as the proximal limiting nutrient in
lakes across western Greenland during summer where the ambient phytoplankton community was dominated
by small chrysophytes (Brutemark et al., 2006; Burpee et al., 2016; Whiteford et al., 2016). Whilst the role of
P- and N- as proximal limiting factors for phytoplankton growth in aquatic environments has been well tested
(Harpole et al., 2011), the role of micronutrients as potential limiting factors for phytoplankton growth has
hardly been assessed in these environments because it is generally assumed micronutrient concentrations are
replete in freshwater.

Cobalt (Co) is a bio-essential metal which, among other cellular functions, acts as a cofactor in vitamin B, (B ,,
Table S2 in Supporting Information S1), also called cobalamin. Whilst B, is an obligate nutrient for many
phytoplankton, it is synthesized only by some bacteria and archaea, often leading to symbiotic relationships (Croft
et al., 2005). The concentrations of dissolved Co (dCo) itself may be very low in some polar freshwater envi-
ronments due to scavenging of dCo by high loads of iron (Fe) and manganese (Mn) oxides (Poulton & Rais-
well, 2005; van Genuchten et al., 2022). Precipitation of dFe as oxyhydroxides is known to be a significant sink
for phosphate in boreal lake environments (Norton et al., 2011). With both Mn and Fe oxides having a high
scavenging capacity for dCo, a similar sink may exist for Co (Lienemann et al., 1997). Furthermore, other metals,
particularly zinc (Zn) and Mn, can interfere with cellular dCo acquisition (Hawco & Saito, 2018). Therefore,
environments with high ratios of dissolved Zn or Mn relative to dCo could be problematic for phytoplankton with
absolute Co requirements. Whilst sparse measurements are available to date, glacier runoff does appear to have
both high dissolved Zn:Co and high Mn:Co ratios (Hawkings et al., 2020; Mitchell et al., 2001).

In order to investigate the potential “bottom-up” factors regulating phytoplankton growth in polar aquatic en-
vironments, we here measured dissolved nitrate and nitrite (NO5 4+ NO,, hereafter referred to as simply as nitrate),
phosphate (PO,), Co, Fe, Mn and Zn concentrations in two contrasting polar regions; southwest Greenland (SW
Greenland) and the Western Antarctic Peninsula (WAP). In both regions, we conducted nutrient addition bioassay
experiments to test the effects of increased macronutrient (N and P), and micronutrient (Co, Fe and Mn) avail-
ability on phytoplankton in a broad selection of proglacial lakes and streams. Herein “phytoplankton” are defined
as filtered cells containing chlorophyll a (Chl a), which we use to assess the response in bioassay incubation
experiments. A further analysis of dissolved trace metals collected in runoff from Kobbefjord (SW Greenland)
was used to improve our understanding of the underlying processes potentially affecting dCo availability through
the growth season.

2. Materials and Methods

Macro- and micro-nutrient samples, and freshwater for nutrient bioassay incubation experiments, were collected
from the surface of three lakes (in Kobbefjord and Nuuk) in SW Greenland in boreal autumn 2019; from Kitiesh
Lake on King George Island and one stream on Doumer Island in austral spring 2020; and from two lakes (Kitiesh
Lake and Long Lake) and one stream on King George Island in austral spring 2022 (see Figure 1, Table 1 and S3
in Supporting Information S1).

2.1. Determinations of Macro- and Micro-Nutrients

Dissolved macronutrient samples (nitrate and phosphate) were syringe filtered (Millipore, 0.22 pm, polyvinyl
difluoride) and stored refrigerated in the dark until analysis. Samples that could not be analyzed within 2 days
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Figure 1. Map of nutrient bioassay experiments conducted in southwest Greenland and the West Antarctic Peninsula,
generated in Ocean Data View (Schlitzer, 2023). Sampling sites are presented with bioassay incubation results for southwest
Greenland (panel b), Doumer Island (panel c¢) and King George Island (panel c, d). Green stars indicate sites of potential
cobalt (co-/serial) limitation and white triangles indicate no effect of either cobalt or vitamin B,, supply.
Table 1
Measured Freshwater Samples at the Nutrient Bioassay Sites in Southwest (SW) Greenland and the West Antarctic Peninsula (WAP)
1 2 3 4% S 6 7 8
Experiment Western Antarctic Peninsula southwestern Greenland
Sites Stream, Kitiesh Lake  Kitiesh Lake Long Lake Kitiesh Lake Stream, Doumer Island Lake, Kobbefjord Lake 1, Nuuk Lake 2, Nuuk
Long°E —62.19 —62.19 —62.21 —62.19 —64.88 64.13 64.18 64.19
Lat°N —58.97 —58.97 —58.97 —58.97 —63.58 51.39 51.66 51.67
Date 11/18 11/26 12/04 01/10 01/03 08/16 08/29 09/02
2022 2022 2022 2020 2020 2019 2019 2019
NO, 0.7 0.6 2 0.42 <LOD <LOD 0.12 0.13
PO, 0.4 0.2 0.3 0.02 <LOD <LOD <LOD <LOD
dCo 0.18 + 0.02 0.08 + 0.01 0.07 £ 0.0 0.01 0.19 0.38 + 0.02 0.39 £ 0.01 037 £ 0.01
dFe 173 £ 21 552 +3.6 554+ 1.7 20.8 66.3 521 £46.5 231 £ 1.5 280 £ 7.6
dMn 36.6 = 0.95 456+ 14 342+ 1.7 0.55 227 12.5 £ 0.23 48 & 1% 43 & 4%
dZn 8.77 £ 2.7 223 +16.7 13.9 = 10.7 7.25 14.1 5.45 = 0.63 119+ 1.1 11.0 £ 0.61
Coy* 0.172 0.073 0.046 0.005 NA NA 0.389 0.368
Cop* 0.18 0.08 0.07 0.01 NA NA NA NA
Cog,* —4.20 —1.32 —1.33 —0.516 —0.149 —12.8 —5.45 —6.71
Copp,* —2.30 -3.01 —2.25 —0.027 0.036 —0.466 —2.86 —2.54
Co,,* —1.90 —5.21 —3.23 —1.71 =3.15 —0.913 —2.43 —2.24
Chl a 0.46 0.2 0.16 0.08 <LOD 0.64 + 0.06 0.14 £ 0.01 035+ 0.01

Note. Dissolved nitrate (NO,), phosphate (PO,) (pmol L~Y); dissolved cobalt (dCo), iron (dFe), manganese (dMn), zinc (dZn) (nmol LY and chlorophyll a (Chl a,
g L™") concentrations correspond to measurements at the start of each bioassay experiment. “<LOD” measurements were below the limit of detection (~0.02 pmol L™
for NO,, 0.02 pmol L~ for PO,). Values are presented as mean + standard deviation where triplicate samples were collected. *Experiment 4 was conducted using 20%
lake water mixed with 80% meltwater; **dMn shown as total dissolved Mn (unfiltered) in Experiments 7 and 8. Coy*, Cop*, Cog.*, Coy,,*, and Co,, * were calculated
as described by Browning et al. (2018).
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were frozen (—20°C). Macronutrient concentrations were measured via a Quaatro 39 System (SEAL) segmented
flow analyzer with a XY2 Autosampler (Hansen & Koroleff, 1999).

Dissolved micro-nutrients (i.e., dissolved Co, Fe, Mn and Zn) samples were syringe filtered (Millipore, 0.22 pm,
polyvinyl difluoride) into trace metal clean 125 mL low density polyethylene bottles (Nalgene). Syringe filters
were precleaned with 1 mol L™ laboratory grade HCI then de-ionized water. All samples were then acidified to
pH ~1.9 by addition of 180 pL 32%-35% HCl (ROMIL, UpA grade) per 125 mL within 1 day of sample
collection and stored for >6 months prior to analysis. Dissolved trace metal concentrations were determined by
high resolution inductively coupled plasma-mass spectrometry (Element XR, Thermo Fisher Scientific) exactly
as per Rapp et al. (2017). Though there is no specific reference material for freshwater, a certified coastal seawater
standard (CASS) was preconcentrated via SeaFAST and analyzed with samples, in order to validate our trace
metal measurements.

2.2. Bioassay Incubations

Nutrient addition bioassay experiments were conducted in trace metal clean, 500 mL polycarbonate bottles
(Nalgene) which were filled with unfiltered freshwater. Freshwater was collected in acid cleaned polycarbonate
carboys (20 L) from the surface of lakes/streams via acid cleaned 2 L bottles that were lowered into the water by
hand. Three replicate 500 mL bottles were spiked with (micro)nutrient combinations for each treatment and three
bottles were sealed with no amendment as controls. One set of bottles were subsampled immediately for
assessment of the initial conditions (Chl a, macronutrients and micronutrients). Bottles were incubated in an on-
land incubator (described below). After several days (3—5) of incubation time, the Chl a biomass response of each
treatment was compared to the control treatment. The treatments for the eight experiments (Experiment 1-8) are
shown in full (Table S3 in Supporting Information S1). Silica was also added in experiments 2 and 3 (as one
treatment group added with all other nutrients plus silica), but is not discussed as a primary factor limiting
phytoplankton growth herein as this is mainly expected to influence the growth of siliceous phytoplankton only.
The fixed N, P and silica spike solutions were previously passed through a column of Chelex-100 to remove trace
metals. The N spike solutions contained both nitrate and ammonium to fully alleviate N-limitation irrespective of
whether nitrate or ammonium was a preferred N source.

Incubation bottles were placed in open top containers which were filled and regularly (three times per day) flushed
and re-filled with ambient freshwater. The incubator was shaded with blue screening (Lee Filter “Blue Lagoon™)
to yield incubator light intensities ~35% of surface values in the WAP, whilst experiments were conducted
without additional shading in SW Greenland due to higher turbidity in ambient water. Samples were incubated for
4-6 days. At the start and end of experiments, 300-350 mL subsamples for Chl a were filtered (glass fiber filters,
0.7 pm nominal pore size, 25 mm diameter, Macherey—Nagel), extracted in the dark in 10 mL 90% acetone at
—20°C (~12 hr), then measured using a calibrated Turner Designs Trilogy fluorometer (Welschmeyer, 1994).

3. Results and Discussion
3.1. Low dCo Concentrations Were Widely Evident

We collected a series of freshwater samples from lakes and streams in SW Greenland and the WAP for the
determination of macro- and micro-nutrients, and subsequently conducted nutrient addition bioassay incubations
(Figure 1). The concentrations of dissolved nitrate, phosphate, Fe (dFe), Mn (dMn), Co (dCo) and Zn (dZn) are
shown in Table 1. All freshwater samples had relatively low dCo concentrations, consistently <0.38 nmol L™, in
contrast to generally high concentrations of dFe (20.8—-521 nmol L1, dMn (0.55-48.0 nmol L™}) and dZn (5.45—
22.3 nmol L™1). The low dissolved Fe:Mn ratios found (range from 1.2 to 41.6, median = 5.1, n = 8) in com-
parison to the mean upper continental crust ratio (~50) (Rudnick & Gao, 2003) are generally expected in glacier
runoff due to the more prolific scavenging of dFe than dMn (Colombo et al., 2020; Zhang et al., 2015). Given the
overall high concentrations of Fe and Mn across most of the sites, conditions were likely saturated with respect to
Fe oxides as well as Mn oxides (Aciego et al., 2015). The sorption capacity of freshly precipitated Mn oxides is
high for a variety of metal cations, including Co®* (Murray, 1975), whilst both Co and Mn are strongly adsorbed
by Fe oxides (Co > Mn) (Bibak, 2008). The dissolved Mn:Co ratio (range from 12 to 570, median = 126, n = 8)
was often higher than that of continental crust (~45) (Rudnick & Gao, 2003), suggesting scavenging process by
Fe oxides could have reduced dCo availability relative to dMn. Dissolved nitrate and phosphate concentrations
were consistently below, or close to, the detection limit, with the only notable exception being moderately high
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Figure 2. Temporal trends of dissolved cobalt (dCo), iron (dFe) and manganese (dMn) in runoff from an Arctic catchment,
Kobbefjord. (a) Map of Kobbefjord, southwest Greenland, (b) concentrations of dCo, (c) concentrations of dFe, and

(d) concentrations of dMn. Green triangles indicate outliers. Boxes show the mean, upper and lower quartiles. Whiskers
show the minimum and maximum values excluding outliers.

nitrate concentrations in Long Lake (2.0 pmol L™"). Phosphate is also suspectible to co-precipitation with dFe as
Fe oxyhydroxides are formed and so similar mechanisms may have contributed to the low phosphate concen-
trations observed across all sites (Norton et al., 2011).

To provide further insights into seasonal dCo dynamics, we collected water samples at weekly intervals from a
proglacial stream in Kobbefjord, SW Greenland (Figure 2) close to the site of the corresponding nutrient addition
bioassay incubation experiments (discussed below). Kobbefjord hosts a series of interconnected lakes, which
receive freshwater input from snow melt in spring and early summer, and runoff from mountain glaciers through
summer. The last lake before runoff enters the fjord was used for incubations herein and the timeseries refers to
outflow from this lake as it integrates the effects of upstream processes. Throughout summer, dCo generally
decreased from 0.38 =+ 0.25 nmol L™" in June to 0.17 #+ 0.05 nmol L™ in August and 0.22 + 0.07 nmol L™ in
September and October (Figure 2, panel b). These results were consistent with low dCo concentrations observed
at the start of bioassay experiments (Table 1) and notably contrasted with the seasonal dynamics of dFe and dMn
which showed no such depletion in boreal summer (Figure 2, panel ¢ and d). A one-way Anova test confirmed a
significant seasonal change in dCo concentration (p < 0.05) with a Spearman's rank correlation showing a
significant negative relationship between dCo and month (June—October). This suggested that whilst runoff
maintained relatively elevated dFe and dMn concentrations during the meltwater season, dCo sources were
insufficient to compensate for dCo sinks. We infer either a stronger inorganic removal mechanism in summer,
perhaps dependent on freshly precipitated Mn/Fe oxides (van Genuchten et al., 2022), and/or increased biological
demand relative to Co supply.
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Across all experiment sites, both the dMn:dCo and dZn:dCo ratios were consistently high (Table 1), which in a
marine context has been shown to induce phytoplankton Co deficiency (Hawco & Saito, 2018). In prior work,
Prochlorococcus growth rates were shown to decrease at high levels of both dZn and dMn due to a shared uptake
transport mechanism for Zn, Mn and Co (Hawco & Saito, 2018). We calculated the theoretical deficiency of
dissolved Co to nitrogen (N), phosphorus (P), Fe, Mn or Zn, taking into account assumed average requirements
for these nutrients (Con*, Cop*, Cop.* Cop,*, Coy,*, respectively); following the approach by Browning
et al. (2018), shown as Equation 1. We found lower Coy* and Cop* values (<0.1 nmol LY in most of the tested
regions in the WAP (Table 1).

COX* = Co — X*RCD:X (1)

Where X is either N, P, Fe, Mn or Zn concetration and Ry is the assumed average phytoplankton dCo: nutrient
X ratio (Moore et al., 2013). Higher Coy* values were found in SW Greenland (>0.1 nmol LY, where there was
no available value for Cop*. In contrast, Cog.* Coyg,* and Co,* values were nearly negative in all tested regions
except one WAP site with a very low Coyy,* value (0.036 nmol L™") in the runoff near Yelcho station. These
results imply Co was almost always more deficient in water for phytoplankton growth than Fe, Mn, or Zn.
Calculated ratios suggest conditions approaching N-Co (and potentially N-P-Co) co-deficiency at WAP sites and
corroborate that dissolved Co was likely the only trace element potentially at co-limiting levels.

3.2. Impact of Cobalt on Regulating Freshwater Phytoplankton Growth

In previous work, evidence of B, serial limitation was observed in the Southern Ocean (Bertrand et al., 2007) and
it has been speculated that increased terrestrial Fe supply could drive coastal Antarctic systems toward lower Co
availability (Chmiel et al., 2023). Moreover, prior work found that Co supplied from subsurface waters may have
some impact on community growth and B, production in Antarctic sea ice (Bertrand et al., 2007). Whilst to our
knowledge, no bioassay experiments have been conducted to assess the effects of micronutrient additions to polar
freshwater environments, there have been a restricted number of reports of Co co-limitation in other diverse
freshwater environments. Cobalt addition was found to stimulate primary production during a bloom of heter-
ocytous cyanobacteria in Lake Waihola, New Zealand (Downs et al., 2008). Similarly, Co was shown to limit
cyanobacterial growth in a shallow eutrophic lake Taihu, China (Fan et al., 2021).

Here we conducted eight bioassay incubations in order to test our hypothesis of Co limitation of phytoplankton
growth. Measurements of Chl a from all bioassay incubations are shown in Figure 3. In a number of experiments
Co additions were made with simultaneous addition of Fe and Mn; however, given the strongly elevated con-
centrations of Fe and Mn in initial waters and theoretical excess relative to Co (i.e., negative Cog.* and Coy,,* at
all sites apart from Coy,,* in Experiment 5; Table 1), these elements were not considered to have regulated the
magnitude of the Chl a response and are ignored in the following discussion. In SW Greenland, one of the
freshwater lakes from Nuuk (Experiment 7) showed that N addition (alone or in combination with P) led to a
statistically significant increase in Chl a relative to controls, whereas the combined addition of Co + N + P
enhanced this further. In contrast, another experiment at the same site (Experiment 8) showed that the Chl a
response to the combined addition of Co + N + P was significantly higher than the control, but statistically
indistinguishable from the N + P treatment. In a freshwater lake in Kobbefjord (Experiment 6), N, N + P, Co
(+Fe + Mn) or N + P + Co(+Fe + Mn) additions each led to significant increases in Chl a over the control or + P
treatments. In one of the WAP lakes (Long Lake; Experiment 3), Chl a concentrations increased significantly only
following combined N + P + Co(+Fe + Mn) treatment. No enhancement of Chl a following Co addition was
evident elsewhere in the WAP (Experiments 1 and 2), with B, additions similarly not indicating any stimulation
of phytoplankton growth (Experiments 2 and 3). In the stream water near Yelcho station (Experiment 5), Chl a
enhancements were observed in all nutrient treatments relative to the control, whilst enhancements of P additions
(alone or in combination with N) were found in Kitiesh lake (Experiment 4). The majority of results were
therefore consistent with the existing paradigm that P and/or N availability limits productivity in aquatic envi-
ronments. However, at three locations positive effects of dCo were found suggesting a potential role for Co
limitation in some cases. More broadly, the low dCo concentrations and calculated Co deficiencies relative to
other micronutrients implied dCo was not available in a large excess of phytoplankton demands at any site.
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Figure 3. Chlorophyll a (Chl a, pg L™") responses to nutrient additions (see Table S3 in Supporting Information S1). Dots indicate the concentrations measured in the
triplicate biological replicates and error bars indicate the range. Treatment means were compared using a one-way analysis of variance and a means comparison test
based on the Studentized range statistic, Tukey's “Honest Significant Difference” method (indistinguishable means are labeled with the same letter, P < 0.05).

3.3. Environmental Implications

Three different microalgae; snow algae, ice algae and phytoplankton have been found in Kitiesh lake on King
George Island (Montecino et al., 1991). Croft et al. (2005) found that nearly half of the 326 algae species surveyed
required exogenous B, for growth. Few measurements of B, have been made in freshwater so it is not yet
possible to construct a B, budget for any polar freshwater environments. Yet given the high energetic cost of B,
synthesis, it would be expected that B, concentrations would reflect primary productivity levels. A survey at
monthly resolution in the English Lake District suggested a link between overall productivity and B, concen-
trations (Daisley, 1969). It is plausible that either low Co or low B, concentrations could (co)-limit primary
production in polar freshwater environments. Experiments herein were insufficient to determine the underlying
cause of the positive response. Nevertheless, the systematically low dCo concentrations across all fieldsites
suggest that strength of Co (co)-limitation could easily be affected by other biogeochemical perturbations that
affect productivity. For example, whilst fluxes of bio-essential elements including Fe and Mn may increase with
freshwater discharge and/or sediment load (Krause et al., 2021; Overeem et al., 2017), dCo could have a
fundamentally different relationship in some downstream environments due to its high affinity for Mn and Fe
oxide surfaces which are continuously formed in these environments (Schroth et al., 2014; Zhang et al., 2015).
Potential impacts of Co on freshwater phytoplankton growth alongside very high concentrations of Fe
(>200 nmol L™") were found in SW Greenland in this work, similar to the Co stimulation of phytoplankton
growth alongside high Fe concentrations in Lake Waihola, New Zealand (Downs et al., 2008). Noting the high
absorption capacity of Fe oxides for Co, this may relate to an inorganic sink for Co (Ainsworth et al., 1994).

Not only does increased meltwater discharge affect the flux of bio-essential metals, but also the physico-chemical
properties of metal transport and thus their availability. Herein we have only determined the dissolved concen-
tration of trace metals, yet metal availability is strongly influenced by pH, temperature and dissolved organic
matter which may all have strong gradients in proglacial environments (de Paiva Magalhdes et al., 2015). Organic
cobalt complexation tends to be predominant in aquatic environments, with 80%—96% of total dCo in freshwater
samples found to be organically complexed in Switzerland (Qian et al., 1998). Changing pH or DOC levels would
thereby affect dCo availability. Because meltwater typically has low alkalinity concentrations (Fransson
et al., 2015), meltwater affected lakes are weakly buffered and can be subject to strong pH changes. For example,
the average pH of several lakes on the Fildes Peninsula (Antarctica) increased from 6.0 in 1998 (Préndez &
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Adriana Carrasco, 2003), to 8.2 in 2017 (Olgun et al., 2024). One of the few studies on freshwater Co speciation,
in Linsley Pond, USA, further showed that increasing pH decreased the solubility of Co due to CoS precipitation
(Xuan & Benoit, 2023). Both low DOC and weak buffering in polar freshwater environments, in addition to
changing chemical weathering or biological activity (Zaini et al., 2024), could therefore strongly affect dCo
dynamics. Future work could therefore investigate how Co speciation and availability changes across these
dynamic zones.

4. Conclusions

Our findings contribute to greater understanding of the bottom-up mechanisms regulating primary production in
polar freshwater ecosystems, particularly during summer when oligotrophic conditions prevail and result in
relatively low primary production despite high light availability. Concentration analyses of both macro- and
micro-nutrients and a set of bioassay nutrient addition experiments results, re-affirm N and P availability as major
drivers of phytoplankton growth, yet simultaneously suggest that low dCo availability could also be (co-)limiting
in some polar freshwater environments. Low dCo concentrations in summer might be maintained in proglacial
aquatic environments partially due to the enhanced supply of Fe and Mn oxides that are typically present in glacier
discharge and have a high scavenging potential for Co. Furthermore, phytoplankton acquisition of dCo could
simultaneously be kinetically impeded by high dissolved ratios of Mn:Co and Zn:Co. The sensitivity of dCo to
these factors may make Co regulation of these environments highly dynamic in space and time, and particularly
sensitive to rapid environmental changes such as increasing runoff, changes in suspended sediment load and
glacier retreat. Further work is clearly necessary to assess the impact of changing micronutrient availability on
phytoplankton growth and community composition alongside other factors influencing ecological dynamics
(Cauvy-Fraunié & Dangles, 2019).
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