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multiple biogeochemical approaches, including stable 
isotope signatures (δ15N and δ13C), nutrients concen-
trations (C, N, P), and enzyme activities, to evaluate 
what nutrients are likely limiting to biological activ-
ity in cryoconite hole sediments on Taylor, Canada, 
and Commonwealth glaciers in Taylor Valley, one 
of the McMurdo Dry Valleys. Nutrient concentra-
tions (C, N, and P) varied in accordance with previ-
ous studies showing that the most inland of the three 
glaciers (Taylor Glacier) is the most oligotrophic. 
C-to-N ratios of Canada and Commonwealth cryoco-
nite-hole sediments were close to the global mean for 
biologically-active sediments and soils, whereas Tay-
lor Glacier cryoconite deviated from the global mean 
and were similar to the high C:N ratios seen in Tay-
lor Valley soils. C and N stable isotope signatures on 
Commonwealth and Canada glaciers are congruent 
with values for efficient C and N fixation by nosto-
calean cyanobacteria, combined with higher levels of 
denitrification on Canada Glacier. In contrast, stable 
isotope signatures on the more oligotrophic Taylor 
Glacier are reflective of atmospheric deposition of N 
and C, or N inputs from nearby soils. Enzyme stoi-
chiometric approaches further support extreme nutri-
ent limitation on Taylor Glacier and indicate that P is 
the ultimate limiting nutrient across all three glaciers. 
Extremely high DIN-to-phosphate ratios also indicate 
P limitation across all three glaciers with Common-
wealth Glacier being less severely P-limited than the 
other two glaciers. At a broader scale, this work pro-
vides a comprehensive framework for understanding 

Abstract Cryoconite holes host active microbial 
communities despite their extreme physical condi-
tions. In the McMurdo Dry Valleys of Antarctica, 
these perennially cold, mini-ecosystems form ice lids 
that can persist for many years thereby isolating the 
cryoconite from nutrient and carbon inputs. Despite 
much recent work on cryoconite holes in Antarctica, 
little is known about nutrient dynamics and limita-
tions in these ice-enclosed ecosystems. We used 
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how biogeochemical cycling of C, N and P vary 
across nutrient and climatic gradients in the cryobio-
sphere, and point towards the need for experimental 
work to test the relative controls of climate, microbes, 
and nutrients on biogeochemistry of cryoconite holes 
and other ecosystems of the cryosphere.

Keywords Phosphorus limitation · O2 saturation · 
Nitrogen fixation · Nostoc · Ancient carbon · 
Microbial biogeochemistry

Introduction

The McMurdo Dry Valleys (MDV) represent the larg-
est ice-free expanse of land in Antarctica and harbor 
some of the coldest and driest ecosystems on Earth 
(Levy, 2013). Mean annual temperatures average 
between − 18 and  − 28 °C, with summer temperatures 
rarely reaching as high as 12 °C (Doran et al. 2008; 
Goordial et  al. 2016). Precipitation amounts to less 
than 50  mm of water equivalents of snowfall annu-
ally, much of which sublimates before melting (Foun-
tain et  al. 2010). The major source of water in this 
polar desert is glacial melt that feeds the ephemeral 
streams, which only flow between 3 and 12  weeks 
each year (Conovitz et  al. 2013). In these streams, 
microbial mats persist in a desiccated state for most 
of the year but respond quickly to the arrival of water 
(McKnight et  al. 1999). In contrast, the soils in the 
MDV that are not immediately adjacent to streams 
or lakes or in areas that accumulate wind-blown 
snow are dependent on infrequent snowfall events for 
water and are among the driest and most oligotrophic 
soils on Earth (Barrett et al. 2007; Zeglin et al. 2009; 
Goordial et al. 2016; Solon et al. 2021).

Given the mostly dry and oligotrophic conditions 
of the MDV, any hotspots of biological activity can 
be important for regional biogeochemical cycles 
(Priscu et al. 1998) and this includes cryoconite holes 
(Foreman et al. 2007; Bagshaw et al. 2013). Cryoco-
nite holes are estimated to occupy 4–6% of the abla-
tion zone of glaciers in the MDV (Fountain et  al. 
2004), where they range in diameter from < 5  cm to 
over 1 m, in depth from 4 to 80 cm, and are typically 
covered with an ice lid up to 50 cm thick (Fountain 
et  al. 2004; Tranter et  al. 2004). The holes freeze 
completely in winter, and melt for 3–8  weeks each 
summer, but due to their ice lids they can remain 

isolated from the atmosphere for many years at a time 
(Fountain et  al. 2004). The closed-system nature of 
Antarctic cryoconite holes can lead to extreme bio-
geochemical conditions such as low partial pressures 
of  CO2 and supersaturation of  O2 from photosynthe-
sis (Tranter et  al. 2004; Webster-Brown et  al. 2015; 
Lutz et al. 2019).

Thus, the ice-lidded, isolated cryoconite holes of 
the MDV are an important model system for cryoco-
nite ecosystems around the periphery of the Antarc-
tic ice sheet that have not been as well-studied as the 
MDV. Their isolation and similarity of physical con-
ditions also make them useful as natural replicated 
mesocosms for studying community ecology (Som-
mers et  al. 2019b) and as model systems for under-
standing how cryospheric ecosystems might respond 
to global change drivers such as climate warming and 
nutrient deposition. There is much current interest in 
how cold ecosystems will respond to global warm-
ing and nutrient deposition, especially systems that 
are severely nutrient limited (Schmidt et  al. 2016; 
Darcy et al. 2018b; Blume-Werry et al. 2020; Bueno 
de Mesquita et al. 2020). Previous studies have shown 
that there are strong nutrient and climatic gradients 
in the MDV. Precipitation decreases and summer air 
temperatures increase inland, and glacier equilib-
rium lines (where snow accumulation equals loss) 
increase inland as well (Fountain et  al. 1999, 2010; 
Doran et al. 2002). A nutrient gradient is present for 
cryoconite holes in the MDV, in that cryoconite holes 
on Commonwealth Glacier near the coast are richer 
in nutrients compared to more inland glaciers (e.g. 
Taylor Glacier) (Porazinska et  al. 2004; Bagshaw 
et al. 2013; Stanish et al. 2013), reflecting broad-scale 
nutrient gradients for the soils of the MDV (Virginia 
and Wall 1999; Barrett et  al. 2007). This nutrient 
gradient is also reflected in biodiversity and produc-
tion patterns, with cryoconite holes on Taylor Glacier 
having more depauperate micro-fauna and microbial 
communities than Commonwealth Glacier near the 
coast (Porazinska et  al. 2004; Darcy et  al. 2018a; 
Sommers et al. 2018, 2019a, b). Photosynthetic pro-
duction, as estimated by chlorophyll a concentrations, 
decrease along the gradient from 0.44 (SE 0.05) µg 
 g−1 on Commonwealth Glacier, to 0.24 (0.04) µg  g−1 
on Canada Glacier to 0.07 (0.008) µg  g−1 on Taylor 
Glacier (Sommers et al. 2019a).

Despite our knowledge of the nutrient, diver-
sity and productivity gradients in MDV cryoconite 
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sediments, it is not known which nutrients are the 
most limiting to life in these ice-enclosed ecosys-
tems, but it has been hypothesized that phosphorus 
(P) is the most likely limiting nutrient based on high 
dissolved N-to-P ratios (Foreman et  al. 2007), and 
rapid uptake of P following nutrient pulses (Telling 
et al. 2014). However, cryoconite sediments on Arctic 
glaciers (Svalbard) appear to be N-limited based on 
low N-to-P ratios and high C-to-N in the sediments 
(Stibal et al. 2008; Lutz et al. 2017), thus more work 
is needed to definitively show that different nutrients 
are limiting on Antarctic versus Arctic glaciers. It is 
also unknown if cryoconite sediments show patterns 
of enzyme activities, stable isotope fractionation, and 
nutrient stoichiometry in line with other similar bio-
logical systems such as soils and aquatic sediments. 
Given all of these unknowns, the goal of the present 
study was to use measures of enzyme activity, stable 
isotopes, and nutrient levels in cryoconite-hole sedi-
ments to help understand if carbon (C), nitrogen (N), 
phosphorus (P) or some combination are limiting 
microbial communities in cryoconite holes on Com-
monwealth, Canada, and Taylor Glaciers in the MDV. 
Enzyme stoichiometries have proven to be a reliable 
predictor of nutrient limitations in other extreme cold 
environments (Schmidt et al. 2008, 2016; Jiang et al. 
2019; Bueno de Mesquita et al. 2020; Hu et al. 2021), 
including MDV soils (Zeglin et  al. 2009). Likewise, 
stable isotopes of carbon and nitrogen can be used to 
help understand sources of nutrient inputs (Barrett 
et al. 2006; Burkins et al. 2000, 2001), an important 
aspect in the present study, and to deduce histories of 
nutrient cycling. For example, the nitrogen cycle has 
distinct isotopic fractionations associated with a num-
ber of microbially mediated steps (e.g. Bowman et al. 

1996; Bauersachs et  al. 2009; Stüeken et  al. 2016), 
but this approach has only recently been applied to 
Antarctic and Arctic cryoconite holes (Lutz et  al. 
2019, Novotná-Jaroměřská et al. 2021). Therefore, the 
present study is the first systematic analysis of cryo-
conite hole sediments among glaciers, incorporating 
independent biogeochemical approaches (i.e., enzyme 
and nutrient stoichiometries and stable isotopes) to 
gain an understanding of which nutrients may be lim-
iting microbial activity in cryoconite holes.

Materials and methods

Field sites and sampling

We sampled 30 frozen cryoconite holes from each of 
Taylor (77.7406°S, 162.1157°E), Canada (77.6196°S, 
162.0011°E), and Commonwealth (77.5699°S, 
162.2955°E) glaciers between November 7–17, 2016 
(Fig.  1)  as described elsewhere (Darcy et  al.  2018a; 
Sommers et  al. 2019a). The glaciers sampled repre-
sent a gradient in biological and sediment deposition 
extending from the inland Taylor Glacier (an outlet 
glacier of the Antarctic ice sheet) to Commonwealth 
Glacier 30  km eastward adjacent to the Ross Sea 
(Fortner and Lyons 2018). We sampled holes while 
frozen early in the polar spring to avoid temporal het-
erogeneity in the degree to which nutrients dissolve 
into the water column as cryoconite hole sediment 
begins to melt (“ionic pulse”; Telling et  al. 2014). 
These frozen samples should represent nutrient levels 
and enzyme activities from the end of the previous 
Austral summer, and our work in other cold systems 
has shown that freezing does not alter soil enzyme 
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Fig. 1    A    Taylor Valley, Antarctica showing the areas (red 
blobs) on Taylor, Canada and Commonwealth glaciers where 
the cryoconite hole samples were taken. B Photo taken near the 

sampling sites on Taylor Glacier.   Darker spots are ice-lidded 
cryoconite holes. Photo S.K. Schmidt
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activity even for samples stored frozen for many years 
(Weintraub et  al. 2007; King et  al. 2008; Bueno de 
Mesquita et al. 2020). To collect a sample from each 
cryoconite hole, we used a 10-cm diameter SIPRE 
corer to drill through the ice lid and frozen water col-
umn, extracting a bottom “puck” of frozen sediment. 
The sediment puck was stored in a sterile polyethyl-
ene bag at − 20 °C for one to three weeks before being 
melted, homogenized, and subset for analysis. To 
melt and homogenize samples, each cleaned (rinsed 
off with DI water) sediment puck was placed in a 
beaker (sterilized with 70% ethanol and UV light) 
at 4  °C for 12–24  h to melt. When sediments were 
incompletely melted after that time, they were placed 
at room temperature for up to 4  h for final melting. 
Sediments were mixed and allowed to settle before 
excess meltwater was poured off. Two separate 125-
ml conical flasks per sample each received 5 g of the 
homogenized sample for extraction of phosphate and 
dissolved inorganic nitrogen. All sediment subsam-
ples and the remainder of the sediment were stored in 
separate fresh polyethylene bags at − 70 °C for up to 
three years before proceeding with all chemical anal-
yses and removing 1–2 g for stable isotope analysis.

Nutrient concentrations and stable isotopes

Cryoconite hole sediment (from now on referred to 
as cryoconite) total organic C (TOC), total organic 
N (TON), and C and N isotopes were measured via 
elemental analyzer (EA) mass spectrometry at the 
Colorado Boulder Earth Systems Stable Isotope Lab 
(CUBESIL). To prepare samples for analysis, we 
first freeze-dried each for 24 h, then crushed each to 
a powder using a motorized agate mortar and pestle. 
Approximately 100  mg of each sample was decar-
bonated prior to analysis for C content and isotopes, 
though un-decarbonated samples were run for N. To 
remove carbonates, sample powder was placed into 
a 10 mL centrifuge tube, to which 5 mL of 10% HCl 
was added, vortexed, and allowed to react for one 
hour. Samples were then centrifuged at 5000  rpm 
for 5 min, decanted to remove the acid, rinsed with 
5 mL of milliQ (18 MΩ) water, and then vortexed, 
centrifuged, and decanted. Samples were rinsed 
with water two more times by centrifuging and 
decanting.

We weighed out 20–100  mg of subsamples for 
both isotope N and C analyses into 5 × 8  mm tin 

capsules. Samples and standards were combusted 
at 1020  °C in a Thermo Flash EA in the presence 
of 200 mL/min oxygen, with He carrier gas (90 mL/
min). Combusted sample gas was converted to  CO2 
and  N2, separated in a gas chromatograph, and ana-
lyzed on a Thermo Delta V plus. To correct for 
linearity and drift, a series of isotopic standards 
(acetanilide #1 and #2, l-glutamic acid, and pugel) 
were prepared and run alongside sample powders. 
Raw output from Thermo’s IsoDat software was 
processed and corrected using the Isoverse pipeline 
(https:// www. isove rse. org/). Stable isotope data for 
each element (XE) is presented in delta notation:

where R is the ratio of heavy to light isotope in a 
sample or standard, either 15N/14N or 13C/12C, and is 
reported in units of permil (‰). Standards for N and 
C were  N2 in air and the Vienna Pee Dee Belemnite 
(V-PDB) for C, respectively.

Dissolved inorganic nitrogen (DIN), nitrate and 
ammonium concentrations were measured from 
5 g of subsamples of cryoconite extracted in 25 mL 
0.5 M  K2SO4 by shaking for 1 h at 250 rpm. Sam-
ples were centrifuged for 3  min at 4000  rpm, then 
filtered through a Whatman GF/F glass fiber filter 
and stored at 4 °C for up to six months before analy-
sis by the CSU Soil, Water, and Plant Testing Lab. 
Ions were determined colorimetrically using cad-
mium reduction (EPA Method 353.2) with an O.I. 
Analytical Flow Solution 3000 (O.I. Corporation, 
College Station, TX, USA). Phosphate was meas-
ured from 5 g of subsamples of cryoconite extracted 
in 25 mL 0.5 M  NaHCO3 using the same procedure 
as the  K2SO4 extraction. Phosphate was measured 
in the same lab colorimetrically using EPA method 
365.2 on a Spectronic 20D+ (Thermo Fisher Scien-
tific, Waltham, MA, USA).

Rates of enzyme activity

We measured activities (nmol  h−1   g−1 dry sediment) 
of seven enzymes associated with C, N, and P acqui-
sition, including beta-glucosidase (BG), alpha-glu-
cosidase (AG), beta-xylase (BXYL), cellobiosidase 
(CBH), N-acetylglucosamine (NAG), leucine amin-
opeptidase (LAP); and phosphatase (PHOS). Sedi-
ment slurries consisting of 1 g of each sample were 

�
XE =

[(

Rsample−Rstandard

)/

Rstandard

]

× 1000

https://www.isoverse.org/
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placed in 125 mL 0.5 M bicarbonate buffer (pH = 7), 
homogenized at 3000 rpm for 1 min using an Ultra-
Turrax homogenizer (IKA Works Inc., USA), and 
incubated in the dark at 4 °C using controls, fluores-
cent substrates, and volumes as described in Wein-
traub et al. (2007) and modified by King et al. (2008, 
2010) for cold sediments and soils. Fluorescence 
was measured using a Synergy HT Multi-Detection 
Microplate Reader (Biotek, USA) at 4, 22, 23 and 
46  h of incubation and the highest values on a per 
hour basis were noted early in the incubation (after 
4 h) so those are the values reported. Because enzyme 
activity in soils and sediments is driven primarily 
by the concentration of enzyme producing cells and 
the relative demand for each nutrient (in this case C, 
N, or P), raw enzyme activity estimates need to be 
normalized by some estimate of biomass in order to 
ascertain relative demand for various elements. Most 
studies normalize enzyme rates by organic C con-
centration (Sinsabaugh et  al. 2009; Hill et  al. 2012; 
Schmidt et al. 2016) or organic matter concentration 
(Zeglin et al. 2009). Those approaches, however, are 
problematic for cryoconite sediments since some of 
the organic C in cryoconite holes is likely relic recal-
citrant ancient carbon that is not being actively cycled 
(cf. McCrimmon et  al. 2018) and therefore should 
not scale with biomass or trophic status of the sedi-
ments. To compare rates of enzyme activities across 
the three glaciers, we normalized enzyme rates (nmol 
 h−1  g dry  sediment−1) by DNA concentration (µg 
DNA g dry  sediment−1) in each sample to factor out 
differences in microbial biomass across the glaciers, 
to yield enzyme activity estimates with units of nmol 
 h−1  µg  DNA−1. For stoichiometric analyses to com-
pare the relative rates of different enzyme activities, 
normalization by biomass is not needed as biomass 
would cancel out in the numerator and denomina-
tor (cf. Zeglin et al. 2009; Hill et al. 2012). In these 
analyses the relative activity of extracellular enzymes 
directed at acquiring various nutrients reflect the rela-
tive allocation of microbial resources to the acquisi-
tion of C (BG, AG, BXYL, and CBH), N (NAG and 
LAP), and P (PHOS), including in cold soils in Ant-
arctica and high elevation plant-free soils (Schmidt 
et  al. 2016; Bueno de Mesquita et  al. 2020). For 
comparison to past studies of soils in the Dry Valleys 
(Zeglin et  al. 2009), we used the following enzyme 
ratios: BG/LAP, and LAP/PHOS.

Data analyses

Statistical analyses were conducted in the R lan-
guage, version 3.6.2 (Ihaka and Gettleman 1996), in 
R Studio, version 1.2.1335 (R Studio Team 2018). To 
reduce bias and provide more reproducible results, 
molar ratios were log transformed before any analy-
ses (Isles 2020). Also, all C-enzyme concentrations 
were added together (same for N-enzymes) before 
statistical tests were run. Outliers were detected with 
boxplots and removed. Finally, Analysis of Variance 
(ANOVA) was used to test for significant difference 
between glaciers and if significance was determined, 
then Tukey HSD was used for a post hoc test (‘agri-
colae’ package).

Results

Concentrations of TOC and TON showed the up-val-
ley pattern of the decreasing concentrations in cryo-
conite sediments from Commonwealth to Canada to 
Taylor Glacier (Fig.  2). C-to-N ratios for cryoconite 
sediments were close to values from soils and sedi-
ments worldwide of 14.3 (Cleveland and Liptzin 
2007, solid line in Fig. 2), but higher than the Red-
field ratio for aquatic bacteria, zooplankton, and 
phytoplankton of 6.6 (dashed line in Fig. 2; Redfield 
1958; Chrzanowski and Kyle 1996). Specifically, 
C-to-N ratios were 10.7 (SE = 1), 12.2 (1.2), and 19.7 
(3.5) for Commonwealth, Canada and Taylor glaciers, 
respectively (disregarding a high C outlier on Com-
monwealth) and pairwise comparisons of log means 
indicated each glacier’s C:N was significantly differ-
ent from the others (Tukey HSD, Taylor v. Canada/
Commonwealth P < 0.0001, Canada v. Common-
wealth P = 0.002). For comparison, the mean C-to-
N ratio of Taylor Valley soils was 24.6 (SE = 3.0) 
(Fig. 2).

Stable isotopic results for both N and C fell into 
distinct populations for each glacier (Fig.  3). Com-
monwealth Glacier had the least depleted δ15N val-
ues (− 3 to 1‰), followed by Canada (− 4 to 7‰ 
with one outlier at 15‰), and Taylor (− 17 to − 3‰). 
Commonwealth δ15N values were fairly consistent 
across TON concentrations > 200 ppm, whereas Can-
ada δ15N values were positively correlated with TON 
 (r2 = 0.45, slope = 0.036), and Taylor values were all 
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negative and had extremely low TON (Fig.  3). Pat-
terns of δ13C and TOC values displayed similar rela-
tionships, with Commonwealth having high δ13C and 
high TOC, Canada positively correlated δ13C and 
TOC values, and Taylor the lowest δ13C and TOC val-
ues (Fig. 3). To better ascertain the possible sources 
of the isotope signatures, Fig.  4 shows the relation-
ship between δ13C and δ15  N for cryoconite holes, 
Taylor Valley soils, and the range of values from the 
literature for cyanobacteria that fix N and have mech-
anisms for concentrating inorganic C (green box in 
Fig. 4).

We measured activity of key extracellular enzymes 
to gain an understanding of the relative demand for 
C, N and P. Enzyme activity per µg DNA was sig-
nificantly higher on Taylor Glacier compared to 
both Commonwealth and Canada glaciers (Fig.  5) 
for C– an N– processing enzymes (Tukey HSD, 

P < 0.0001) and Phosphatase (Tukey P < 0.03), sug-
gesting that microbes on Taylor Glacier are more 
nutrient limited than microbes on the two glaciers 
closer to the coast. These differences were greater for 
N- and C-acquiring enzymes (Fig.  5a, b) providing 
evidence of N and C limitation in some holes on Tay-
lor Glacier. Activity levels of P-acquiring enzymes 
showed less difference among the three glaciers but 
were almost an order of magnitude higher than activ-
ity of N- and C-processing enzymes on all three gla-
ciers, supporting the hypothesis that P is the ultimate 
limiting nutrient on all three glaciers.

In order to compare our enzyme data to data from 
MDV soils, we used the same enzyme ratios (LAP-to-
PHOS and BG-to-LAP) as those used by Zeglin et al. 
(2009) for Dry Valley soils. The LAP:PHOS data 

Fig. 2  Organic C and N content of sediments from cryoconite 
holes on Commonwealth (black triangles), Canada (blue cir-
cles) and Taylor (red squares) glaciers compared to Taylor Val-
ley soils (brown circles, Burkins et al. 2001). The dashed line 
represents the “Redfield ratio” of 6.6 (C:N) which is the C:N 
of many aquatic bacteria (Chrzanowski and Kyle 1996) and 
zooplankton and phytoplankton in the oceans (Redfield 1958; 
Falkowski 2000). The solid line represents the global mean for 
soil organic matter C:N of 14.3, including tundra soils (Cleve-
land and Liptzin 2007). Mean (and SE) C:N values were 10.7 
(1.0), 12.3 (1.2) and 19.7 (3.5) for Commonwealth, Canada 
and Taylor glaciers, respectively; and 24.6 (3.0) for the Taylor 
Dry Valley soils. Taylor Valley soil data are from Burkins et al. 
(2001)

Fig. 3  A Relationship between total nitrogen and δ15N isotope 
from cryoconite hole sediments. Each glacier falls into a dis-
tinct population, with Taylor the most depleted in δ15N and the 
lowest total N. B Relationship between total carbon and δ13C 
from decarbonated cryoconite hole sediments. As with N, the 
glaciers define distinct populations. Taylor, again, has the low-
est concentration of C and the most depleted δ13C values
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show strong P limitation in most of the holes sampled 
(Fig. 6, note the log scale), with Taylor Glacier hav-
ing a more balanced mix of P and N limitation, simi-
lar to Dry Valley soils (Fig. 6). The BG:PHOS data 
also show strong P limitation (relative to C-limita-
tion) across most of the cryoconite holes sampled and 
all of the soils sampled by Zeglin et al. (2009).

Another stoichiometric approach to investigate 
relative N and P availability in cryoconites and soils 
is the ratio of DIN to phosphate-P (Barrett et  al. 
(2007). Phosphate-P was over an order of magnitude 
higher on Commonwealth Glacier compared to the 
other two glaciers (P < 0.0001) (Fig. 7) and DIN lev-
els were significantly higher on Taylor than Canada 
Glacier (P < 0.005) (Fig. 7b). DIN-to-phosphate ratios 
showed an almost two orders of magnitude lower N:P 
on Commonwealth Glacier (55, SE 8.3), compared 
to Canada (2078, SE 335) and Taylor (2348, SE 289) 
Glaciers. Pairwise tests of log means indicated sig-
nificantly higher P:N ratios on Canada and Taylor vs. 
Commonwealth (Tukey HSD, P < 0.0001).

Discussion

The gradient in nutrient status across the three gla-
ciers seen in previous studies (Porazinska et al. 2004; 
Bagshaw et  al. 2013; Stanish et  al. 2013) is readily 
apparent in our data (Fig.  2) which show the high-
est C and N concentrations on Commonwealth and 
the lowest on Taylor Glacier. In addition, the lev-
els of organic C and N in Taylor Glacier cryoconite 
sediments overlap to some extent with the previously 
measured levels of C and N in Taylor Valley soils 
(brown circles in Fig.  2), although most soils in the 
Taylor Valley have much lower levels of nutrients 
(especially N) compared to cryoconite sediments 
(note log scale in Fig. 2). The combined C-to-N ratio 
for cryoconite sediments across all three glaciers of 
13.5 (SE = 1.4, n = 30) was close to the global aver-
age for soil organic matter of 14.3 (Fisk and Schmidt 
1995; Cleveland and Liptzin 2007) but higher than 
the Redfield Ratio for aquatic bacteria and marine 
phytoplankton and zooplankton of 6.6 (Redfield 
1958; Chrzanowski and Kyle 1996; Falkowski 2000; 
Chrzanowski and Grover 2008). The overall agree-
ment of cryoconite sediment C:N with the global 
mean for soil organic matter is an indication that cry-
oconite microbes process organic matter (OM) in cry-
oconite holes in a manner similar to soils. It should be 
pointed out, however, that the C:N of Taylor Glacier 
sediments (19.7, SE 3.5) approaches the high C:N of 
Taylor Valley soils (24.6, SE 3.0). These higher C:N 
values could indicate incomplete processing of OM 
in Taylor Glacier sediments and Taylor Valley soils, 
perhaps due to nutrient and/or climatic limitations; 
or they may be the result of the influence of ancient 
recalcitrant organic C in Taylor Valley soils and sedi-
ments. Work in the Arctic has shown that cryoconite 
microbes do not use ancient OM in cryoconite holes 
(McCrimmon et  al. 2018), but no similar work has 
been done on ancient Antarctic cryoconite OM.

We gained further insight into nutrient dynamics 
and N and C cycling in cryoconite sediments using 
stable isotope proxies. Figure 3a shows the relation-
ship between total N concentration and δ15N values 
for cryoconite hole sediments. Commonwealth δ15N 
values ranged from − 3 to 1‰ (mean, − 0.37‰) most 
likely indicating a strong influence of cyanobacterial 
N-fixation. For comparison, Mo-Fe based nitroge-
nases in a variety of cyanobacteria yield biomass with 
δ15N values of about 0 to − 2‰ (Zerkle et  al. 2008; 

Fig. 4  Relationship between δ13C and δ15N signatures in cry-
oconite hole sediments and soils of Taylor Valley. Green box 
shows the range of lab and field values for δ13C and δ15N from 
cyanobacteria that concentrate inorganic C and fix  N2 (Vuorio 
et al. 2006; Zerkle et al. 2008; Bauersachs et al. 2009; Stricker 
et  al. 2021). Symbols for cryoconite and soils are the same 
as in Fig.  2, except open circles are from a soil site that had 
significantly higher biological activity (as determined by chlo-
rophyll a content) than the rest of the soils studied in Taylor 
Valley (Burkins et  al. 2000). Linear regression line to glacier 
cryoconite values  (r2 = 0.69)
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Bauersachs et  al. 2009) and Vuorio et  al. (2006) 
report a range of − 2.1 to 1.6‰ (mean − 0.5‰) for 
the N-fixing, nostocalean cyanobacterium Gloeotri-
chia in an oligotrophic Finnish lake (Fig.  4). Ben-
thic cyanobacterial mats in the moats of Lake Fryx-
ell, Lake Hoare and Lake Bonney, all in the Taylor 
Valley, have mean δ15N values of − 1.25, − 3.9 
and − 3.9‰, respectively (Lawson et  al. 2004) sug-
gesting a similar reliance on N-fixation in Lake Fryx-
ell, the lake closest to Commonwealth Glacier. In 
addition, cryoconite holes on Commonwealth Glacier 
are dominated by N-fixing, nostocalean cyanobacteria 
in the genus Nostoc (Sommers et al. 2019a), that are 

closely related to Gloeotrichia (Domínguez-Escobar 
et  al. 2011), whereas Nostoc are relatively rarer in 
Canada Glacier cryoconite holes and very rare in Tay-
lor Glacier cryoconite holes (Sommers et al. 2019a). 
The dominance of Nostoc and less nutrient limitation 
on Commonwealth Glacier likely allow more photo-
synthesis to occur, resulting in higher oxygenation of 
cryoconite sediments which would inhibit denitrifica-
tion. Canada Glacier δ15N values indicate a mix of 
influence of N-fixation and denitrification across the 
glacier (Fig.  4). That is, Canada Glacier exhibited a 
broader range of δ15N values that increased signifi-
cantly with TON concentration (Fig. 3a). This pattern 

Fig. 5  Enzyme activity (per µg DNA) of N–, C– and P-acquir-
ing enzymes in cryoconite-hole sediments from Common-
wealth, Canada and Taylor glaciers. A Activity of N-acquiring 
enzymes was significantly higher (P < 0.0001) on Taylor Gla-
cier than on Commonwealth and Canada glaciers (note log 
scale). B Combined activity of all four C-acquiring enzymes 
showed the same pattern and degree of significance as 

N-acquiring enzymes (P < 0.0001). C Phosphatase activity var-
ied less across the glaciers but was still significantly higher on 
Taylor Glacier compared to Commonwealth (P = 0.03). Overall 
phosphatase activity was an order of magnitude higher than the 
other enzymes on all three glaciers, reinforcing that phospho-
rus is the most limiting nutrient
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is consistent with more denitrification (which causes 
enrichment of 15N) occurring in Canada Glacier cryo-
conite holes with higher TON, and more N-fixation 
occurring in holes with lower TON.

Of the three glaciers, Taylor showed the least influ-
ence of either N-fixation or denitrification on δ15N 
values (Fig. 3). In fact, the most depleted δ15N values 
seen in Taylor Glacier cryoconite holes are similar to 
atmospheric  NO3

− observed in Antarctica (Savarino 
et  al. 2007) and soil δ15N values across the MDV. 
For comparison, δ15N values of nitrate in MDV 
soils range from − 9.5 to − 26.2‰ (Michalski et  al. 
2005), whereas soil organic matter δ15N values range 
from − 16.6 to 4.7 (Burkins et al. 2000), as shown in 
Fig. 4. The depleted 15 N values seen in Taylor Gla-
cier cryoconite and most Taylor Valley soils likely 
reflect a strong influence of atmospheric nitrate 
deposition. The most depleted δ15N values (− 16.6 
to − 38.2‰) in atmospheric  NO3

− are observed in the 
Antarctic summer, which is the period of cryoconite 
formation. Thus, the range of δ15N in Taylor Glacier 
cryoconite closely resembles the range seen in Taylor 
Valley soils that probably reflect long-term deposition 

of atmospheric nitrate with little biological N-fixation 
or denitrification. This low δ15N signal from biologi-
cal activity corresponds with low relative abundance 
of N-fixing Nostoc spp. on Taylor Glacier (Sommers 
et  al. 2019a), and may indicate that severe P-limita-
tion (discussed below) is preventing the development 
of N-fixing cyanobacteria there. This would also 
explain the very high values for enzymes responsible 
for recycling N in Taylor cryoconite holes (Fig. 5a).

As with isotopic results for N, those for δ13C fall 
into distinct populations for each glacier with values 
for Commonwealth and Canada glaciers overlapping 
with one another and Taylor having significantly 
more depleted δ13C values (Fig.  3b). The depleted 
δ13C values for Taylor Glacier are very similar to 
the δ13C values of soils of the Taylor Valley as 
shown in Fig. 4. This could mean that what little C 
is present in Taylor cryoconite is predominantly un-
processed soil C (or ancient C), or that the biologic 
processes in Taylor Glacier cryoconite are similar to 
Taylor Valley soils. This similarity of δ13C values 
for Taylor valleys soils and Taylor Glacier cryoco-
nite holes is mirrored in our nutrient results shown 

Fig. 6  Enzyme stoichiometric plots to estimate the relative 
degree of N–, C– and P-limitation in cryoconite hole sediments 
from Commonwealth (black), Canada (blue), and Taylor (red) 
glaciers. A The ratio of N-processing (LAP) to P-processing 
enzyme (PHOS) activities indicates that most cryoconite holes 
were P-limited. For comparison, the brown circles represent 

enzyme stoichiometries for MDV soils (Zeglin et  al. 2009), 
which show more balanced P and N limitation. B The ratio 
of C-processing (BG) to P-processing enzyme (PHOS) activi-
ties indicates that most cryoconite holes were P-limited. Dry 
Valley soils (brown circles) were likewise more P-limited than 
C-limited
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in Fig. 2, in that values for TOC and C:N of Taylor 
Glacier cryoconite holes are the closest to values for 
Taylor Valley soils of the three glaciers.

The enriched δ13C values recorded in cryoconite 
sediments on Commonwealth and Canada glaciers 
indicate that photosynthetic organisms in these holes 
(which can be sealed off from atmospheric inputs of 
 CO2 for many years) might be  CO2 limited. Enriched 
cryoconite δ13C values, close to atmospheric values 
(− 5‰), can indicate that all initial carbon (as atmos-
pheric  CO2) was processed through photosynthesis 
after the holes were isolated from the atmosphere 
by formation of an ice lid. More intense competition 

for  CO2 in cryoconite holes on Commonwealth 
and Canada glaciers is also supported by past work 
that showed much higher concentrations of chloro-
phyll a in cryoconite sediments on Commonwealth 
(0.44  µg   g−1) and Canada (0.24  µg   g−1) glaciers, 
compared to Taylor Glacier (0.07 µg   g−1) (Sommers 
et  al. 2019a). In addition, many cyanobacteria have 
 CO2-concentrating mechanisms that lead to enriched 
δ13C values in aquatic and soil systems (Raven et al. 
2008; Morales-Williams et  al. 2017; Stricker et  al. 
2021). For example, a nostocalean cyanobacte-
rium (Gloeotrichia) yielded δ13C values from − 14.4 
to − 5.9‰ in a cold, oligotrophic Finnish lake 

Fig. 7  Phosphate and Dissolved Inorganic N (DIN) concen-
trations in cryoconite sediments from all three glaciers. A 
The mean phosphate concentration was an order of magni-
tude higher on Commonwealth Glacier than on the other two 
glaciers (P < 0.0001). B DIN levels were significantly higher 

on Commonwealth Glacier than Canada and Taylor glaciers 
(P < 0.0001). C DIN to P ratios indicate extreme P limitation 
on Canada and Taylor glaciers compared to Commonwealth 
Glacier (P < 0.0001)
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(Vuorio et al. 2006) that overlap with the δ13C values 
of Commonwealth and Canada Glaciers, but not Tay-
lor Glacier (Fig. 4). Thus, the δ13C values and higher 
production observed on Commonwealth and Canada 
Glaciers is very likely due to nostocalean cyanobacte-
rial activity.

To further explore nutrient limitations in cryo-
conite sediments of the Taylor Valley, we measured 
activity of key extracellular enzymes that have been 
used as an indicator of nutrient limitations in soils 
and sediments throughout the world (Weintraub et al. 
2007; Sinsabaugh et al. 2009, 2012; Hill et al. 2012), 
including sites in the Dry Valleys and similar extreme 
environments (Zeglin et al. 2009; Schmidt et al. 2016; 
Jiang et al. 2019; Bueno de Mesquita et al. 2020). A 
summary plot of enzyme stoichiometry (N-process-
ing enzymes/phosphatase) for every cryoconite hole 
sampled in this study (Fig. 6) shows that most cryoc-
onite holes are P limited. Despite this overall pattern, 
it is interesting that two holes on Commonwealth 
Glacier and five holes on Taylor Glacier are more N 
than P limited, but we do not have enough replica-
tion or metadata to explain why at the present time. In 
comparison, Taylor Valley soils (Zeglin et  al. 2009; 
brown circles in Fig. 6a) show more balanced P and 
N limitation as has been noted in other peri-glacial 
sediments, for example at high-elevation, plant-free 
sites in the Alaska Range (Schmidt et al. 2016).

Another way to visualize the relative demand for 
N, P and C in cryoconite holes is to separately com-
pare the enzyme activity levels for N, P and C pro-
cessing enzymes on each glacier. Figure  5 shows 
that phosphatase activity is an order of magnitude 
higher than the combined values of all N-processing 
enzymes and the combined value of all C-process-
ing enzymes across all three glaciers. This suggests 
strong P-limitation across all three glaciers. In addi-
tion, these analyses show that activity of all enzymes 
(per µg DNA) is significantly higher on Taylor 
Glacier compared to the less oligotrophic glaciers 
(Fig. 5), indicating that nutrients in general are more 
limiting on Taylor Glacier. This finding is supported 
by previous work showing lower nutrient levels on 
Taylor Glacier (Porazinska et al. 2004; Stanish et al. 
2013) and our findings of much lower C and N con-
centrations and higher C:N on Taylor Glacier (Fig. 2).

Further evidence of P limitation in cryoconite 
holes can be gleaned by comparing the DIN and 
phosphate-P concentrations across the three glaciers 

(Fig. 7). The extremely low levels of phosphate-P in 
Canada and Taylor cryoconite compared to Common-
wealth cryoconite indicate higher biological demand 
for P and hence probable P-limitation on Canada and 
Taylor glaciers. However, the high inorganic N-to-
P ratio on Commonwealth Glacier (55, SE 8.3) still 
indicates P limitation, although it is much less severe 
than the other two glaciers where the inorganic N-to-
P ratios were much higher (Fig. 7).

In summary, we used multiple, independent 
biogeochemical approaches to gain an understand-
ing of which nutrients are likely limiting microbial 
activity in cryoconite holes of the Taylor Valley, 
Antarctica. As with other recent studies of micro-
bial activity in the cryobiosphere (Barrett et  al. 
2007; Zeglin et al. 2009; Schmidt et al. 2016; Darcy 
et  al. 2016, 2018b; Vimercati et  al. 2019; Bueno 
de Mesquita et  al. 2020), the present study reveals 
that nutrient dynamics in Antarctic cryoconite 
holes are somewhat variable on each glacier, but 
show strong, predictable patterns of nutrient limi-
tation across the broader landscape. Overall, based 
on enzyme stoichiometry (Figs.  5, 6) and ratios of 
P to DIN (Fig.  7), P is likely the ultimate limit-
ing nutrient across the three main glaciers of Tay-
lor Valley as previously hypothesized by Foreman 
et al. (2007) and Telling et al. (2014). However, the 
degree of P limitation varies among the three gla-
ciers with Commonwealth Glacier being the least 
P limited. Carbon-to-nitrogen ratios of cryoconite 
sediments (Fig.  2) on Commonwealth and Canada 
glaciers are close to global means, but the more 
oligotrophic sediments on Taylor Glacier have sig-
nificantly higher C:N indicating some N-limitation. 
N-limitation on Taylor Glacier is also strongly indi-
cated by the very high activity (per unit biomass) 
of N-acquiring enzymes (Fig.  5a) compared to the 
other two glaciers, and lack of apparent N-fixation 
on Taylor glacier as indicated by the δ15N data 
(Fig. 4). In contrast, the δ15N of Canada, and espe-
cially Commonwealth glaciers, indicate higher rates 
of N-fixation are likely occurring on those glaciers.

From these results we can now hypothesize that 
extreme P limitation (and perhaps some other envi-
ronmental factors) on Taylor Glacier is limiting 
establishment of N-fixing bacteria (likely Nostoc, 
which are common on the other two glaciers), which 
in turn is keeping biomass and diversity levels very 
low on Taylor Glacier. The lower biomass on Taylor 
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Glacier is also consistent with more negative δ13C 
values there compared with the other two glaciers. 
Less negative δ13C likely result from photosynthe-
sis by C-concentrating cyanobacteria in an envi-
ronment without atmospheric equilibration. More 
negative values on Taylor Glacier would therefore 
be consistent with lower overall rates of photosyn-
thesis. Laboratory (and perhaps field) nutrient addi-
tion experiments (cf. Darcy et al. 2018b; Mindl et al. 
2007; Teufel et al. 2016) to test these hypotheses are 
planned in the near future. Similar fertilization exper-
iments have recently been used to show that coloni-
zation of glacial sediments by N-fixing nostocalean 
cyanobacteria at plant-free sites in the Alaska Range 
and High Andes (> 5000 m.a.s.l.) are not climate lim-
ited, but rather are  limited by P availability (Darcy 
et al. 2018b, Knelman et al. 2021).
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