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Abstract

Microbial nitrogen cycling was investigated along a 79 km transect into the Greenland
Ice Sheet (GrIS) in early August 2010. The depletion of dissolved nitrate and produc-
tion of ammonium (relative to icemelt) in cryoconite holes within 7.5 km of the ice sheet
margin suggested microbial uptake and ammonification respectively. Nitrogen fixation5

(<4.2 µmoles C2H4 m−2 day−1 to 16.3 µmoles C2H4 m−2 day−1) was active in some cry-
oconite holes at sites up to 5.7 km from the ice sheet margin, with nitrogen fixation
inversely correlated to concentrations of inorganic nitrogen. There may be the poten-
tial for the zone of nitrogen fixation to progressively extend further into the interior of
the GrIS as the melt season progresses as reserves of available nitrogen are depleted.10

Estimated annual inputs of nitrogen from nitrogen fixation along the transect were at
least two orders of magnitude lower than inputs from precipitation, with the exception of
a 100 m long marginal debris-rich zone where nitrogen fixation could potentially equal
or exceed that of precipitation. The average estimated contribution of nitrogen fixation
to the nitrogen demand of net microbial growth at sites along the transect ranged from15

0 % to 17.5 %.

1 Introduction

Glaciers and ice sheets cover 29.1 % of the landmass within the Arctic of which the
Greenland Ice Sheet (GrIS) comprises 81 % (Walker et al., 2005). Due to its large
area, supraglacial ecosystems on the GrIS may be important to regional carbon cycling20

via the autochthonous production and downstream transport of carbon and nutrients
(Anesio et al., 2009; Stibal et al., 2011). To date, however, only two studies have
quantified microbial carbon cycling on the GrIS (Hodson et al., 2010; Stibal et al.,
2011) while no studies have examined microbial nutrient cycling on the GrIS.

Microbial nitrogen cycling will likely be vital in supporting the activity and growth of25

microorganisms on the GrIS, as nitrogen is typically the most important nutrient for
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microbial cells on a cellular mass basis (Redfield et al., 1963). Microbial nitrogen cy-
cling has been previously measured or indirectly inferred on glaciers. Nitrogen fixation
can be active in cryoconite (surface sediment) holes on smaller Arctic valley glaciers,
suggesting that nitrogen inputs from snowmelt, icemelt and organic remineralization
can be insufficient to meet the demands of microbial growth (Telling et al., 2011). Mass5

balance considerations suggest that nitrification may be important in glacial catchments
in the Arctic (Hodson et al., 2005; Wynn et al., 2007), the Alps (Tockner et al., 2002),
the Rockies (Baron et al., 1995; Campbell et al., 2000), and the Maritime Antarctic
(Hodson, 2006, 2009b). Significant ammonia retention has been demonstrated on the
catchment scale of two Arctic valley glaciers which may be due to microbial uptake10

(Hodson et al., 2008, 2009a).
Understanding microbial nitrogen cycling on the GrIS can help determine the impact

of anthropogenic pollution on supraglacial ecosystems. There have been significant
increases in nitrogen deposition from anthropogenic sources on Arctic glaciers and the
GrIS since preindustrial times (Kekonen et al., 2005; Olivier et al., 2006), and its impact15

on the nutrient poor supraglacial environment has yet to be well established (Hodson
et al., 2009a).

In this study we test the hypothesis that there is active microbial nitrogen cycling on
the GrIS by measuring microbial nitrogen fixation, relative nifH gene abundance and
nitrogen chemistry over a 79 km transect into the GrIS, so covering the entire ablation20

zone. We estimate the importance of nitrogen fixation to the total input of nitrogen to
the GrIS and to supporting net microbial growth on the ice sheet surface.

2 Methods

2.1 Study locations, sampling and in situ physical measurements

Nutrient analysis and nitrogen fixation assays were made along a 79 km transect on25

the GrIS (67◦04′17.1′′ N, 50◦08.45.2′′ W to 67◦09′10.8′′ N, 48◦22′14.6′′ W) (Fig. 1).
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Transect sites have previously been described in Stibal et al. (2010). The transect
started from the terminus of Leverett Glacier on the western coast of Greenland, ap-
proximately 15 km inland from Kangerlussuaq (Fig. 1). Transect sites at 7.5 km, 17 km,
34 km, 51 km and 79 km were accessed by helicopter on 1 and 2 August 2010. Tran-
sect sites at 0 km, 2 km, 4 km, 5.7 km and 7.5 km (repeated) were accessed by walking5

from the terminus of Leverett Glacier on 5 and 6 August 2010 (Fig. 1). At the 2 km
through to 51 km sites, cryoconite (surface sediment) and the overlying supraglacial
water were sampled. These cryoconite holes were open (i.e. holes without ice lids al-
lowing gaseous exchange with the atmosphere) containing cryoconite one to several
mm thick. By contrast, cryoconite at the 0 km station was present as a relatively uni-10

form apron of surface debris several mm thick overlying the ice in a zone extending ap-
proximately 100 m upslope from the glacier terminus. The 79 km site was completely
covered in slush and cryoconite was present only as tiny sub mm grains dispersed
within the slush. There was insufficient cryoconite collected at this site to allow solid
phase nutrient analysis. There was no precipitation over the measurement period other15

than light snow at the 79 km site.
Continuous daily measurements (with occasional loss of data due to sensor failures)

of total ablation along the transect were measured using Campbell SR50A ultra-sonic
depth gauges at fixed ablation poles at the 2 km, 17 km, 51 km and 79 km sites over the
course of the 2010 melt season. Measurements included the period of helicopter tran-20

sect measurements (1 to 2 August 2010). Ice ablation was also measured manually
using a fixed ablation pole at an adjacent 2 km site close to that of the transect (Fig. 1),
with six measurements made in the period of transect measurements (27 July to 7 Au-
gust 2010). Cryoconite coverage at each site along the transect was estimated using
the image analysis method of Irvine-Fynn et al. (2010), limited to four to six quadrants25

per site due to time constraints.
Fresh snow was sampled using a snow shovel at the 0 km site in early June 2011,

prior to the start of the melt season. Ice samples were taken along the transect at
0.4, 0.6, 7, 8, 15, 35, and 70 km sites in early June 2010, and at 0 km and 2 km in
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early June 2011. Ice was sampled either as ice chippings using an ice axe or as short
(≤70 cm deep) cores using a Kovacs ice corer (Fig. 1). All ice and snow samples were
placed in pre-cleaned (rinsed 6× with MQ) polypropylene bags and transported frozen
back to Bristol. Samples were melted in precleaned (washed 6× with MQ) polypropy-
lene bottles and then filtered through 0.45 µm cellulose nitrate filters. Quadruplicate5

blank samples of MQ water in polypropylene bags were treated in an identical way to
the samples to act as procedural blanks.

Water samples for nutrient analysis were taken using a 50 ml syringe and filtered

through online 0.45 µm Whatman™ cellulose nitrate filters into Nalgene™ HDPE bot-
tles. All bottles were rinsed three times with filtered sample before collection. Cry-10

oconite for nutrient analysis was sampled using a pipette and stored in sterile 15 ml
polypropylene centrifuge tubes. Samples were frozen at −20 ◦C and transported frozen
back to Bristol for later chemical analysis.

2.2 Nutrient and total nitrogen analyses

Dissolved NH+
4(aq), NO−

3(aq), NO−
2(aq) and PO3−

4(aq) in the water, snow and ice samples15

were analyzed on a Bran and Luebbe Autoanalyzer 3. The
∑

(NH+
4(aq) + NO−

3(aq) +

NO−
2(aq)) is termed DIN. Detection limits were 6.4 µg N l−1, 6.2 µg N l−1, 3.0 µg N

l−1 and 10.1 µg P l−1 for NH+
4 , NO−

3 , NO−
2 and PO3−

4 respectively. The coefficient of
variation (C.V.) for eight replicate standards were 1.4 %, 4.5 %, 1.6 % and 1.4 % re-
spectively. Total dissolved nitrogen (TN(aq)) on snow and ice samples were analyzed20

on a Shimadzu TOC-V CSN analyzer with TNM-1 nitrogen measuring unit. The de-
tection limit was 3.1 µg N l−1, with a precision of 1.4 %. Unfortunately, TN(aq) was not
carried out on cryoconite water samples due to loss of samples.

Cryoconite-bound NH+
4 (NH+

4(s)), NO−
3 (NO−

3(s)) and NO−
2 (NO−

2(s)) were extracted from
cryoconite using a 1 M KCl method (Telling et al., 2011). Extracts were analysed on25

a Bran and Luebbe Autoanalyzer 3 as described above. The detection limit were
10427
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0.7 µg N g−1 dry sediment, 1.4 µg N g−1 dry sediment and 0.03 µg N g−1 dry sediment
for NH4+(s), TON(s) and NO−

2(s) respectively.
Duplicate dried cryoconite samples were analyzed for Total Nitrogen (TN) on a Eu-

rovector EA3000 Elemental Analyzer. Precision of duplicate TN analyses for the 17 km
to 51 km sites (all >0.4 % TN) was ≤6.3 %. Precisions of the lower concentration 2 km5

to 7.5 km sites (all <0.17 % TN) ranged from 10.5 % to 40.9 %., with a detection limit of
100 µg N g−1.

2.3 Nitrogen fixation measurements

Rates of in situ nitrogen fixation (nitrogenase activity) were measured using the acety-
lene assay (Stewart et al., 1967), adapted for field sampling and later laboratory ethy-10

lene analyses using the method of Telling et al. (2011). At all bare ice sites (2 km to
51 km), assays were carried out on mixtures of cryoconite debris and cryoconite water,
using similar cryoconite thicknesses to that within the holes. At the 0 km site debris
with no water was used in the assays to replicate in situ conditions. At the 79 km site
slush containing dispersed cryoconite particles was used, again to replicate in situ con-15

ditions. Nitrogen fixation assays were carried out in four separate cryoconite holes at
each of the 2 km to 51 km sites, at four points in the slush zone at 79 km, and at three
points on the debris apron at 0 km. At each individual hole or sample point duplicate
acetylene amended assays were carried out along with one control with no acetylene
added. The latter was used to check for any background ethylene production during20

the incubations. Ten additional serum bottles (five on the walking traverse, five on the
helicopter traverse) were filled with 15 ml of 0.2 µm filtered MQ water (blank controls)
and incubated and analysed as described above. Incubations were carried out for 24 h.
A previous study has demonstrated that rates of ethylene production in nitrogen fixation
assays on Arctic glacier cryoconite are linear over 24 h (Telling et al., 2011).25

Sample bottles were stored refrigerated for up to two months prior to analysis by
gas chromatography following the methods of Telling et al. (2011). Daily standards of

10428
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100 ppm ethylene (Sigma) gave precisions <8 %. The detection limit was 4.2 µmoles
C2H4 m−2 day−1. Rates were normalised to both area of cryoconite in the bottles and
to the dry weight of cryoconite (µmoles C2H4 g−1 day−1) after drying and reweighing
replicate cryoconite samples from each site.

2.4 DNA extraction and quantitative PCR5

Extraction of DNA from the samples was performed using the PowerSoil DNA Isola-
tion Kit (MO BIO Laboratories, Carlsbad, CA, USA) according to the manufacturer’s
instructions. 300 mg (wet weight) of sediment was used for each extraction, and a
blank containing no sediment was extracted in parallel.

The relative abundance of the nitrogenase reductase gene (nifH) in the DNA ex-10

tracts from along the transect was determined using quantitative PCR with three sets
of primers specific for two groups of cyanobacteria (Trichodesmium-like and heterocys-
tous) and γ-Proteobacteria (Table 1; Church et al., 2005). The 10-µl qPCR reactions
contained 1 µl of DNA extract, 5 µl of 2× SsoFast EvaGreen Supermix (BioRad, Her-
cules, CA, USA) and 1 µl of forward and reverse primer (final concentration 0.5 µM). A15

MiniOpticon detection system (BioRad, Hercules, CA, USA) was used for detection of
amplified PCR products using the following thermal cycling conditions: initial denatura-
tion at 95 ◦C for 5 min and 45 cycles of 95 ◦C for 15 s, 60 ◦C for 30 s and 72 ◦C for 30 s,
followed by melting curve analysis to ensure that primer-dimers were not formed. The
obtained Ct values were converted into relative abundances of nifH copies after blank20

subtraction i.e. the site with the lowest number of nifH copies was normalised to one.
Three replicates were analysed for each sample and blank.

2.5 Nitrogen mass balance estimates

Estimates were made at each transect site of (a) the amount of nitrogen available
from icemelt, (b) the amount of nitrogen required by net microbial growth and, (c) the25

amount of nitrogen fixed by nitrogen fixation. These estimates were used to identify if
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the apparent nitrogen limitation and nitrogen fixation documented at some sites could
be explained primarily by the net balance between nitrogen inputs from icemelt and
nitrogen uptake by net microbial growth.

The potential contribution of icemelt nitrogen to the nitrogen requirements of mi-
crobial growth at the 0 km to 51 km sites was estimated as follows (the 79 km site is5

excluded as rates of NEP were below detection, Table 2; NEP data from Stibal et al.,
2011). We estimate the total nitrogen potentially available to microbes from melting ice
over the 24 h measurement period using two scenarios, (a) all nitrogen from ice and
snowmelt was available to microorganisms and (b) only nitrogen directly beneath cry-
oconite in cryoconite holes was available to microorganisms. The former represents10

a completely open system where all surface melt is hydrologically connected to cry-
oconite holes. The latter represents a closed system where there is no hydrological
connection between icemelt in bare ice areas with those of cryoconite holes, and all
water in holes is therefore derived from icemelt directly below the cryoconite (assuming
that ablation rates of cryoconite at the bottom of holes are in equilibrium with that at15

the ice surface; Gribbon, 1979).
We calculate the nitrogen available for the open system scenario (Nicemeltopen

) using
Eq. (1):

Nicemeltopen
=TNice×ablation (1)

where TNice is the mean TN(aq) concentration of ice samples along the transect20

(Sect. 3.2) and ablation is the volume of ice ablated over the 24 h period in 1 m2 surface
area at each site (Sect. 3.1).

We calculate the nitrogen available for the closed system scenario using Eq. (2):

TNicemeltclosed
=TNicemeltopen

×cryoconitearea (2)

where cryoconitearea is the fraction of cryoconite coverage at each point along the25

transect (Table 2). As the cryoconite coverage was not statistically different (within
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±1σ) between sites at 2 km to 79 km, an average % coverage of all the latter sites was
used.

The estimated microbial nitrogen uptake due to net growth at each site is calculated
using Eq. (3):

NNEP =NEP×14/(12×6.6)×masscryoconite (3)5

where NNEP is the estimated nitrogen requirement of balanced microbial growth
(µg N m−2 d−1), NEP is the measured rate of net microbial carbon production at each
site along the transect (in units of µg C g−1 d−1, data from Stibal et al. (2011), Table 2),
×14/12 converts moles of C to moles of N, dividing by 6.6 assumes a 1:6.6 ratio be-
tween N and C in microbial cells (after Redfield et al., 1963), and masscryoconite is the10

mean measured mass of cryoconite at each site (g m−2) (Table 2; data from Stibal et
al., 2011). As the masscryoconite at sites was relatively uniform (within ±1σ) at the 2 km
to 79 km sites (Table 2), an average masscryoconite of all the latter sites was used.

The daily mass of nitrogen fixed at each site by microbial nitrogen fixation (N2 fixdaily,

in units of µg N m−2 d−1) is calculated using Eq. (4):15

N2fixdaily =C2H4fixed×1/3×28×masscryoconite (4)

where C2H4fixed is the number of µmoles of ethylene fixed during the nitrogen fixation
assays (corrected for ethylene dissolution in water using the equations of Breitbarth et
al., 2004), ×1/3 converts µmoles ethylene to µmoles nitrogen assuming a 3:1 molar
ratio between the two (Stewart et al., 1967), ×28 converts moles of nitrogen to mass,20

and masscryoconite is the mass of cryoconite (g m−2) at each site (Table 2).
Uncertainty in the modelling was estimated by combining errors (±1σ) of the indi-

vidual variables in the equations above using the least squares method. In Eq. (1)
the error for TNice was taken to be the error (±1σ) of all ice samples taken along the
transect. The error for ablation was estimated from the time series of six ablation25

measurements made at the 2 km alternative site (Sect. 3.1). In Eq. (2), the error for
cryoconitearea for the 2 km to 51 km sites was taken to be ±1σ of the mean value of all
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measurements taken along the 2 km to 51 km transect due to the lack of any significant
differences between individual sites (Table 2). Likewise in Eqs. (3) and (4) the error for
masscryoconite for the 2 km to 51 km sites was taken to be ±1σ of the mean value of all
measurements taken along the 2 km to 51 km transect, rather than individual sites. Un-
fortunately, there was insufficient time for replicate measurements of masscryoconite at5

the 0 km site, hence no error could be included for this variable at this site. While there
was likely relatively uniform cryoconite distribution at the 0 km site compared to others
along the transect due to the 100 % relatively uniform debris coverage, the estimated
errors for NNEP and N2 fixdaily at the 0 km site are therefore likely to be underestimates.

10

3 Results

3.1 Physical measurements

Annual ice ablation for the 2010 melt season ranged from 4.06 m y−1 (water equivalent)
at the 2 km site to 1.06 m y−1 at the 79 km site, with an approximately linear relationship
between altitude and ablation (R2 =0.85, n=6; Fig. 2a) Ice ablation rates at the adja-15

cent 2 km site (Fig. 1) during the period 27 July to 8 August 2010 were broadly linear
with a mean daily ablation rate of 4.2±2.2 cm (1σ) (water equivalent) (Fig. 2b). There
was 6.47 cm d−1, 0.08 cm d−1 and 0.36 cm of ice ablation at the 2 km, 55 km and 79 km
sites respectively during the helicopter transect measurements (1 to 2 August 2010)
(Fig. 2c). For the nitrogen mass balance estimates (Sect. 2.5), we estimate ice ab-20

lation for all sites along the transect using a linear regression of the data in Fig. 2c.
We also assume that ablation at sites during the later walking transect were similar to
that measured during the earlier helicopter transect, using the justification of relatively
uniform ablation rates over this time period at the adjacent 2 km site (Fig. 2b).

Debris in cryoconite holes covered 100 % of the ice surface at the 0 km site, and25

averaged between 0.7 % to 6.4 % coverage at the 2 km to 51 km sites (Table 2; data
from Stibal et al., 2011). The % coverage was not significantly different (±1σ) between
sites from 2 km to 51 km (Table 2). The mean % coverage of the latter sites that was
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used in the modelling was 2.5±2.0 % (1σ). There were no cryoconite holes visible at
the 79 km site (slush zone) hence coverage here was assumed to be 0 % (Table 2).

3.2 Nutrients

The NO−
3(aq) concentration in ice along the transect was 8.6 ± 1.7 µg N l−1 (1σ) (Fig. 3).

The mean NO−
3(aq) concentration of fresh snow was greater than that of ice at 14.35

± 4.3 µg N l−1 (1σ) (Fig. 3). NH+
4(aq), NO−

2(aq) and PO3−
4(aq) were below detection in all

snow and ice samples. Procedural blanks (n = 4) for snow and ice samples were below
detection for NO−

3(aq) NH+
4(aq), NO−

2(aq) and PO3−
4(aq).

There was a strong correlation between NO−
3(aq) and TN(aq), with 94.1 ± 20.7 % (1σ)

(n = 14) and 100.9 ± 23.7 % (1σ) (n = 3) of TN(aq) in the form of DIN in ice and snow10

respectively (Fig. 3). This indicates that dissolved organic nitrogen (DON) was only a
minor fraction of TN(aq) in both surface ice and fresh snow.

Mean NH+
4(aq) and NO−

3(aq) concentrations in cryoconite holes along the transect

ranged from below detection (<6.4 µg N l−1 NH+
4 , <6.2 µg N l−1 NO−

3 ) to 11.4 ± 3.2 µg

N l−1 NH+
4(aq) and 11.3 ± 0.9 µg N l−1 NO−

3(aq) (Fig. 4a). Mean concentrations of NO−
3(aq)15

were relatively constant at the 79 km, 51 km, 34 km and 18 km sites, ranging from
10.5 to 11.3 µg N l−1. The latter concentrations were higher than the typical NO−

3(aq)

concentrations of ice (8.6 ± 1.7 (1σ); Fig. 3). There was a decrease in mean NO−
3(aq)

concentrations from 10.9 µg N l−1 at the 17 km site to <6.2 µg N l−1 at the 2, 4 and 5.5
km sites (Fig. 4a). NH+

4(aq) was detected only at the 4 km and 7.5 km sites (Fig. 4a).20

NO−
2(aq) and PO−

4(aq) were below detection in all samples (<3.0 µg N l−1 NO−
2 and <10.1

µg P l−1 PO3−
4 ).

Cryoconite-bound NH+
4(s) ranged from <0.7 to 12.6 µg N g−1 (Fig. 4b). There was

a trend of increasing NH+
4(s) with increasing distance into the GrIS (Fig. 4b). NH+

4(s)
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was undetectable (<0.7 µg N g−1) from 0 km to 5.7 km, first detected at 7.5 km and then
increased to a maximum of 12.6±1.8 µg N g−1 (1σ) at 51 km (Fig. 4b). NO−

3(s) was only

detected in one of the three samples at the 0 km site (2.2 µg N g−1) with all samples at
all other sites <1.4 µg N g−1 NO−

3(s) (Fig. 2b). NO−
2(s) was not detected at any site (all

<0.03 µg N g−1).5

There was a significant correlation between TOC and NH+
4(s) (R =0.986, n=9,

p<0.01; Pearson’s correlation, two-tailed t-test; Fig. 4c) There were also significant
correlations between TN and total organic carbon (TOC) (R =0.989, n=9, p<0.01;
Pearson’s correlation, two tailed t-test (not shown) and TN and cryoconite-bound NH+

4(s)
(R =0.993, n=9, p<0.01; Pearson’s correlation, two-tailed t-test) (not shown).10

3.3 Nitrogen fixation activity and nitrogenase gene abundance

Rates of nitrogen fixation ranged from below detection to 119.6±25.6 µmoles
C2H4 g−1 day−1 (equivalent to <4.2 µmoles to 16.3 µmoles C2H4 m−2 day−1) (Fig. 4d).
Ethylene production in control bottles with no acetylene added were all below
the detection limit (<4.2 µmoles C2H4 m−2 day−1) with a mean of 1.0±1.4 µmoles15

C2H4 m−2 day−1 (1σ, n=39). Nitrogen fixation was detected at the 0 km, 2 km and
5.7 km sites, but not at distances of 7.5 km or greater into the GrIS (Fig. 4d). Ni-
trogen fixation was detected only when both DIN and NH+

4(s) were below detection

(<6.4 µg N l−1 NH+
4(aq), <6.2 µg N l−1 NO−

3(aq) and <0.7 µg N g−1 NH+
4(s) (Fig. 5a, b).

Nitrogenase reductase genes were detected at all sites using all three primer sets20

(Fig. 4e), and similar trends in their relative abundance along the transect were ob-
served. The relative abundance of nifH from heterocystous cyanobacteria increased
with distance up to 34 km and then decreased again, while both the Trichodesmium-
like and the γ-Proteobacteria nitrogenase gene abundances had peaks at 51 km inland
(Fig. 4e). This is in contrast to measured rates of nitrogen fixation activity, which were25

only detected in the first 5.7 km (Fig. 4d).
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3.4 Nitrogen mass balance estimates

Estimates of Nicemeltopen
ranged from 12.3±6.8 µg N m−2 d−1 (51 km site) to

416±288 µg N m−2 d−1 (0 km site), with an overall trend of decreasing Nicemeltopen
in-

put with increasing distance into the GrIS (Fig. 6). Nicemeltclosed
input at the 0 km site

was identical to that in the open system model due to the 100 % debris coverage.5

Nicemeltclosed
inputs at the 2 km to 51 km sites were substantially lower than in the open

system model, ranging between 0.3±0.3 to 10.2±10 µg N m−2 d−1 (Fig. 6).
NNEP was highest at the 0 km site (1270±587 µg N m−2 d−1) primarily due to the

100 % surface debris coverage (Fig. 4), despite relatively low rates of mass nor-
malised NEP at the 0 km site (Table 2). NNEP at 2 km to 51 km sites ranged from10

31.6±52.4 µg N m−2 d−1 to 366±324 µg N m−2 d−1 (Fig. 6).
Nicemeltopen

was not significantly different (±1σ) from NNEP at the 7.5 km to 51 km sites
(Fig. 6). Nicemeltopen

was significantly greater (±1σ) than NNEP at the 2 km, 4 km and
5.7 km sites (Fig. 6). The mass balance modelling therefore indicates that if cryoconite
holes were 100 % hydrologically connected to icemelt from the entire ice surface at15

each site the resultant nitrogen supply would likely support the nitrogen requirements
of net balanced microbial growth at the 2 km to 7.5 km sites. By contrast there was
nitrogen depletion (relative to icemelt) at all of these sites, and nitrogen fixation at the
2 km and 5.5 km sites; Fig. 4a, d).

The mass balance modelling also demonstrates that, even with 100 % hydrological20

connectivity, there could still be the potential for nitrogen limitation at the 17 km to
51 km sites (mean values of NNEP >Nicemeltopen

, although values were not significantly
(±1σ) different from each other) (Fig. 6). There was, however, no evidence for nitrogen
limitation or active nitrogen fixation at the 17 km to 51 km sites; Fig. 4a, c). There was
also the potential for microbial nitrogen limitation at the 0 km marginal debris site (mean25

values of NNEP >Nicemeltopen
) (Fig. 6).

Mean values of Nicemeltclosed
were lower than mean values of NNEP at all sites. This

suggests that if cryoconite holes were fully isolated with no hydrological connection
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to icemelt from surrounding areas then nitrogen from icemelt alone was unlikely to be
able to support the nitrogen demand of balanced net microbial growth.

Nitrogen fixation was an average of 5.0 %, 17.5 % and 3.2 % of the estimated mean
microbial nitrogen demand (NNEP) in cryoconite holes at the 0 km, 2 km and 5.7 km
sites respectively, and 0 % at all other sites (Fig. 6).5

4 Discussion

4.1 Active nitrogen fixation on the margins of the Greenland Ice Sheet

The direct measurement of in situ nitrogenase activity in this study demonstrates the
potential for microbial nitrogen fixation up to 5.7 km into the interior of the GrIS (Fig. 4d).
The measured rates of nitrogen fixation (<4.2 µmoles C2H4 m−2 day−1 to 16.3 µmoles10

C2H4 m−2 day−1) were within the range of those previously documented on Svalbard
valley glaciers (<2.0 to 99.9 µmoles C2H4 m−2 day−1; Telling et al., 2011).

The combination of positive nitrogen fixation assays and geochemical data is strong
evidence of active nitrogen fixation within some cryoconite holes in the first 5.7 km of
the transect. The positive nitrogen fixation assays of this study are not by themselves15

definitive proof of in situ nitrogen fixation since cryoconite holes will have received addi-
tional inputs of icemelt-derived nitrogen relative to the closed bottle incubation assays.
The positive nitrogen fixation assays are corroborated however by geochemical evi-
dence of nitrogen limitation. There were significant negative correlations between both
TIN(aq) and cryoconite-bound NH+

4(s) with nitrogen fixation (Fig. 5a, b). Although DON20

was not measured in cryoconite holes, DON was only a minor component of snowmelt
and icemelt (Fig. 2) and hence likely to contribute a relatively small additional nitrogen
input to cryoconite holes.

Active nitrogen fixation at the 0 km site can be explained by the mass balance cal-
culations (Sect. 3.4). Inputs of nitrogen from icemelt did not meet the total nitrogen25

demand of balanced microbial growth (Nicemeltopen
<uptakeNEP; Fig. 6), and there was

10436

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/10423/2011/bgd-8-10423-2011-print.pdf
http://www.biogeosciences-discuss.net/8/10423/2011/bgd-8-10423-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
8, 10423–10457, 2011

Microbial nitrogen
cycling on the

Greenland Ice Sheet

J. Telling et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

likely little nitrogen available from other sources at this site. Nitrogen in cryoconite de-
bris at this site (TN and NH+

4(s)) were below detection (Fig. 4b, Table 2), and no surface
water or precipitation was present to provide additional aqueous nitrogen. Nitrogen
fixation was therefore likely making up the shortfall in the microbial nitrogen budget at
the 0 km site. Nitrogen fixation at the 0 km site may represent an important process in5

the primary colonization of predominantly inorganic debris (0.09 % TOC, <0.01 % TN;
Table 1). Cryoconite at the 0 km site likely derives from subglacial or lateral moraine de-
bris, and the microbial ecology at this site may be analogous to the primary colonization
of moraines adjacent to glaciers and icesheets (Schmidt et al., 2008). The hourly areal
rates of nitrogen fixation in the cryoconite at the 0 km site (2.6±2.3 µg N m−2 h−1; esti-10

mated by dividing the areal nitrogen fixation rates in Fig. 6 by 24) were in the range of
recently colonised glacial moraine in the Andes (0.8 µg N m−2 h−1 and 37 µg N m−2 h−1

respectively after 0 to 1 yr and 4 yr of glacial retreat; Schmidt et al., 2008).
The mass balance calculations for hydrologically open conditions at the 2 km to

5.7 km sites were not consistent with the in situ evidence for nitrogen limitation and15

nitrogen fixation at these sites (Sect. 3.4). This discrepancy may be explained by one
of three mutually compatible hypotheses. First, cryoconite holes may be partly hydro-
logically closed to total surface icemelt. This hypothesis is consistent with the results
of the mass balance calculations showing that under hydrologically closed conditions
there was unlikely to be sufficient nitrogen from icemelt to support microbial growth at20

any site along the transect (Fig. 6). Second, there may be additional microbial nitrogen
assimilation in other surface ice environments e.g. dispersed cryoconite grains (Hod-
son et al., 2007) or ice algae (Uetake et al., 2010). For example, dispersed cryoconite
can contribute up to half the total cryoconite coverage on Arctic valley glaciers, and
may have the potential to be biologically active (Hodson et al., 2007). Third, there25

may be significant additional TIN(aq) loss via microbial denitrification. To our knowl-
edge, there has been no estimate of denitrification rates on the GrIS. Denitrification is
a quantitatively important part of the microbial nitrogen cycle in many aquatic and ter-
restrial ecosystems, although it is inhibited by oxygen (Seitzinger, 1988). It is possible
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however that anoxic conditions could be present within the interior of cryoconite gran-
ules (Hodson et al., 2010).

The mass balance calculations discussed above assume that inputs of nitrogen from
wet and dry deposition were unlikely to account for more than a small fraction of mi-
crobial nitrogen demand (NNEP) in cryoconite holes during the transect measurements.5

We demonstrate here that this was likely the case. There was no precipitation at any
of the 0 km to 51 km sites while measurements were made, and no precipitation was
recorded at Kangerlussuaq on either the 1–2 August or 5–6 August 2010 (precipita-
tion data from http://www.ncdc.noaa.gov/). Rates of nitrogen dry deposition were not
measured in this study, however dry nitrogen (NO−

3 ) deposition on the GrIS has previ-10

ously estimated to be a total of 7.9±1.2 ng cm−2 at the Summit camp (centre of GrIS)
for the entire summer season (Bergin et al., 1995). This is equivalent to an average
of 0.2 µg N m−2 d−1, by dividing the total dry deposition flux by 90 days. Assuming, in
the lack of further available data, a similar input of nitrogen from dry deposition along
the transect, this dry deposition flux is 0.05 to 1.3 % of the mean inputs of nitrogen15

from TNicemeltopen
, and 0.05 % to 52 % of the mean inputs of nitrogen from TNicemeltclosed

(Fig. 6). The dry deposition flux is, however just 0.02 % to 0.6 % of mean estimates
of NNEP along the transect (Fig. 6). While dry deposition may therefore be an impor-
tant component of the total nitrogen fluxes into closed cryoconite holes away from the
margins of the transect where ice ablation rates are lower, it is still only a very small20

fraction of estimates of NNEP.

4.2 Organic mineralization and the melting winter snow pack as additional
sources of nitrogen to microbial communities on the GrIS

The lack of NO−
3(aq) depletion relative to icemelt (Fig. 4a), combined with rates of mean

NNEP exceeding those of mean TNicemeltopen
, at sites >7.5 km into the GrIS (Fig. 4d) sug-25

gests that nitrogen sources other than icemelt and nitrogen fixation make important
contributions to total microbial nitrogen demand on the GrIS. We have shown above
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(Sect. 4.1) that dry nitrogen deposition is unlikely to make a significant contribution to
NNEP. Periodic wet deposition events are likely to add additional nitrogen at discrete
times throughout the summer season (e.g. Hodson et al., 2009a). Organic reminer-
alization and snowmelt are however likely to be more important constant sources of
nitrogen throughout the melt season, as discussed below.5

Organic mineralization of organic matter derived either from allochthonous organic
matter deposition or from accumulated past autochthonous production within cry-
oconite is likely to be an important additional source of recycled nitrogen to microbial
communities within cryoconite holes (Stibal et al., 2011). Organic matter in cryoconite
along the transect ranged from 2.7 mg C g−1 at 2 km to 64.6 mg C g−1 at 51 km (Stibal et10

al., 2011; Table 2). Active organic remineralization was likely indicated by the presence
of NH+

4(aq) at the 4 and 7.5 km sites (Fig. 4a). The positive correlation between TOC

and NH+
4(s) (Fig. 4c) would be consistent with the ammonification of cryoconite organic

matter, although there was no evidence for concurrent NH+
4(aq) in cryoconite water. Al-

ternative sources for NH+
4(aq) at the 4 and 7.5 km sites are from melting ice, microbial15

dissimilatory nitrate reduction, and/or nitrogen fixation. An origin from melting ice is un-
likely as NH+

4(aq) in icemelt was below detection (<6.4 µg N l−1). Production of NH+
4(aq)

via dissimilatory nitrate reduction also seems unlikely given (a) the likely oxic nature
of the surface waters, and (b) DIN in some cryoconite hole waters exceeded icemelt
TN(aq), indicating an additional source of nitrogen rather than a molar conversion of20

NO−
3(aq) to NH+

4(aq) (Fig. 4a). Finally, the production of NH+
4(aq) from nitrogen fixation is

not consistent with the observed lack of NH+
4(aq) in holes with active nitrogen fixation

(Fig. 5b).
The adsorption of NH+

4 derived from early season snowmelt provides another likely
source of additional nitrogen to microbial communities (Telling et al., 2011). This hy-25

pothesis is consistent with geochemical evidence demonstrating that the uptake of
NH+

4(aq) onto cryoconite is focused within the early melt season (Wynn et al., 2007;
Hodson et al., 2009; Telling et al., 2011) and provides a mechanism for early season
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snowmelt NH+
4 to be utilised by microbes in the bare ice zone later into the melt sea-

son after the snow pack has migrated upslope (Telling et al., 2011). The adsorption of
snowmelt-derived NH+

4(aq) onto organic matter offers an equally plausible explanation
as the remineralization of organic matter for the significant (p<0.01) positive correla-
tion between TOC and NH+

4(s) (Fig. 4c).5

4.3 The potential for the nitrogen fixation zone to extend into the GrIS with time

The mass balance calculations suggest that at the 17 km, 51 km and, to a lesser extent,
34 km sites net microbial growth might potentially exceed the nitrogen supply from
all surface icemelt (Sect. 3.4; Fig. 6). There was however no evidence for nitrogen
limitation or nitrogen fixation at any of these sites (Fig. 4a, b, d). Indeed, there was a10

small increase in mean DIN concentrations relative to mean icemelt at the 17 to 79 km
sites (Fig. 2a). The increase in mean DIN concentration could indicate either an input
of snowmelt with higher DIN content (Fig. 3) and/or nitrification of organic matter. Input
of DIN from snowmelt was likely at the 79 km site where a thin covering of snow was
present at the time of sampling. The nitrification of organic matter may be more likely15

at the 17 to 51 km sites as in August snowmelt derived from the slush zone at 79 km
may be routed down moulins into the subglacial environment or stored in supraglacial
lakes rather than flow downslope to more peripheral sites (Das et al., 2008; Sundal et
al., 2009). A lack of significant surface hydrological connection between transect points
is supported by observation of supraglacial streams at the 2 km to 51 km sites flowing20

into moulins during the time of transect measurements (Telling, personal observation).
A significant (p<0.05) negative correlation between nitrogen fixation and NH+

4(s)
(Fig. 5a) suggests that even if nitrogen inputs from icemelt alone were not able to meet
total microbial demand, the shortfall would likely be met by cryoconite-bound NH+

4(s)
at the 17 km to 51 km sites (Fig. 4b). A negative correlation between nitrogen fixation25

and NH+
4(s) has been documented on Svalbard valley glaciers (Telling et al., 2011).

Sediment bound NH+
4(s) is a common inhibitor of nitrogen fixation in freshwater benthic
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environments (Van Raalte et al., 1974; Howarth et al., 1988; Seitzinger et al., 1991;
Barett et al., 2002).

The fact that mean estimated rates of NNEP exceeded mean rates of Nicemeltopen
at

the 17 km, 51 km, and to a lesser extent, 34 km sites (Fig. 6) suggests the potential for
microbially available nitrogen to become depleted. If the accumulation of cryoconite-5

bound NH+
4(s) on the GrIS is focused in the early melt season (as has been documented

on Arctic valley glaciers; Wynn et al., 2007; Hodson et al., 2009; Telling et al., 2011)
then available nitrogen could become exhausted with time, and the zone of nitrogen
limitation and nitrogen fixation expand further into the interior of the GrIS. An estimate
of the time for net microbial growth to use up all the exchangeable NH+

4 at sites >5.7 km10

along the transect is made here using Eq. (5):

TimeNH+
4 removal

=NH+
4(s)/NNEP (5)

where NH+
4(s) is the mass (in µg N g−1) of cryoconite-bound NH+

4 at each site, and NNEP

is in units of µg N g−1 day−1. From Eq. (5) the estimated time needed to potentially
remove cryoconite-bound NH+

4 increases exponentially with greater distance into the15

GrIS (Fig. 7). We estimate that NH+
4(s) might be exhausted after <1 day at the 4 km site

to a maximum of 29 days at 51 km (Fig. 7).
The in situ measurements along the transect were made in the first week of August

and the melt season in 2010 continued until mid September at the margins of the tran-
sect (Tedesco et al., 2011). There may therefore have been ∼30 days after the time of20

sampling for additional microbial growth and depletion of cryoconite-bound NH+
4(s). This

would be sufficient time for the potential depletion of NH+
4(s) and perhaps consequent

nitrogen fixation at sites up to and including 51 km. The presence of the nifH gene at
all sites along the transect (Fig. 4e) demonstrates that there is the metabolic capability
for nitrogen fixation at all sites along the transect.25
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4.4 Importance of nitrogen fixation to total nitrogen inputs onto the Greenland
Ice Sheet

The major inputs of inorganic nitrogen to the GrIS are wet deposition (∼94 % in the form
of snow) and dry aerosol deposition (Fischer et al., 1998; Ettema et al., 2009). The
proportion of wet:dry deposition on the GrIS has been modelled as a function of snow5

accumulation rate, with dry deposition exceeding wet deposition at snow accumulation
rates >34 cm yr−1, equivalent to 340 kg m−2 (Fischer et al., 1998). While dry nitrogen
deposition likely dominates over the majority of the GrIS (Fischer et al., 1998), wet
nitrogen deposition may dominate over the length of the transect since annual wet
deposition along the transect is ∼400 kg m−2 yr−1 (Ettema et al., 2009).10

An estimate of the input of inorganic nitrogen (NO−
3 and NH+

4 ) from wet deposition
onto the transect is calculated as follows and compared to an estimate for the input
from nitrogen fixation. By multiplying the annual amount of precipitation by the typical
nitrogen content of snow (14.3 µg N kg−1; Fig. 3) the annual input of nitrogen from wet
deposition is calculated as 5.7 mg N m−2 yr−1.15

The annual input of nitrogen by nitrogen fixation at each site along the transect (N2
fixannual) is calculated using Eq. (6):

N2fixannual =N2fixdaily×t (6)

where N2 fixdaily is the daily estimated areal nitrogen fixation rates from Eq. (4) in units

of mg N m−2 yr−1 and t is the estimated length of time in which nitrogen fixation was20

active (days). We use both a minimum and a maximum estimate of t at each site along
the transect. For the minimum estimate we assume that nitrogen fixation commenced
only at the 0 km, 2 km and 5.7 km sites at the time of sampling (first week of August)
and continued for 30 days until the end of the melt season. The duration of the melt
season at the 2 km and 5.7 km sites was likely similar to the 0 km site since the slush25

line moves rapidly inland at rates of 0.4 to >2 km day−1 (Wang et al., 2007). We fur-
ther assume that the zone of nitrogen fixation did not extend further inland. For the

10442

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/10423/2011/bgd-8-10423-2011-print.pdf
http://www.biogeosciences-discuss.net/8/10423/2011/bgd-8-10423-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
8, 10423–10457, 2011

Microbial nitrogen
cycling on the

Greenland Ice Sheet

J. Telling et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

maximum estimate we use 130 days for active nitrogen fixation at the 0 km, 2 km and
5.7 km sites. The melt season in 2010 commenced at the end of April and lasted until
mid September, giving a maximum melt season of 130 days of melt season at the pe-
riphery of the ice sheet (Tedseco et al., 2011). For the maximum estimate we further
assume that the nitrogen fixation zone extended to the 34 km site by the end of the melt5

season due to the potential depletion of cryoconite-bound NH+
4(s) (Fig. 7) and assume

30 days of nitrogen fixation at the 4 km, 7.5 km and 17 km sites, 20 days of nitrogen
fixation at the 34 km site, and 0 days at the 51 km site (Fig. 7). We use the mean ni-
trogen fixation rate from the 5 km site (42.2 µg N m−2 d−1; Fig. 6) for nitrogen fixation at
the 4 km, 7.5 km, 17 km and 34 km sites.10

From the above calculations, the minimum and maximum estimates of nitrogen fix-
ation at all bare ice sites (2 km to 51 km) along the transect were <0.5 % and <2 %
of nitrogen from wet deposition (Fig. 8). The only site where nitrogen fixation could
potentially exceed that of wet nitrogen deposition was the 0 km site where nitrogen fix-
ation comprised 69 % to 276 % of wet deposition (Fig. 8). Nitrogen fixation in the 50 km15

marginal bare ice zone of SW Greenland is therefore likely to be at least ∼2 orders of
magnitude lower than nitrogen from precipitation.

4.5 Potential effects of anthropogenic nitrogen deposition on supraglacial
ecology

It has previously been suggested that increases in anthropogenic NO−
3 and NH+

4 depo-20

sition on Arctic, Alpine and Himalayan glaciers since preindustrial times may have re-
duced the degree of microbial nitrogen limitation in some supraglacial ecosystems, and
hence reduced annual rates of nitrogen fixation on glaciers in these regions (Telling et
al., 2011). On the GrIS inorganic nitrogen deposition has also significantly increased
from preindustrial times to the present day. The NO−

3 concentration of snow on the25

GrIS has approximately doubled since preindustrial times, largely due to increases in
anthropogenic inputs from fossil fuel burning (Olivier et al., 2006). It is therefore possi-
ble that additional present day anthropogenic inorganic nitrogen inputs to the GrIS from
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early season snowmelt could delay the onset of nitrogen fixation at sites on the GrIS
compared to preindustrial times. Furthermore nitrogen fixation is an energy intensive
process relative to aqueous available nitrogen uptake, taking energy away from micro-
bial carbon assimilation (Gutshuick, 1978). While microbial growth could be co-limited
by more than one factor (Mindl et al., 2007), it is plausible that increases in anthro-5

pogenic nitrogen deposition over the last hundred years could have increased rates of
microbial carbon assimilation on sections of the GrIS.
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Table 1. Primer sets used for qPCR of the nifH gene from the samples (from Church et al.,
2005).

name target sequence (5′–3′) length (bp)

Het105F heterocystous cyanobacteria CGGTTTCCGTGGTGTACGTT 72
Het158R AATACCACGACCCGCACAAC

Tri217F Trichodesmium GACGAAGTATTGAAGCCAGGTTTC 83
Tri284R CGGCCAGCGCAACCTA

γ104F γ-Proteobacteria TTGGCTTTGGCGACATCAA 73
γ152R ACGACCAGCACAGCCAACTC
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Table 2. Additional data used for modelling (Sect. 3.4, main text). Data marked with ∗ from
Stibal et al. (2011). “n.d.” is not done, “b.d.l.” is below detection limit. Error bars are ±1σ.

Transect Date Cryoconite Cryoconite mass∗ NEP∗ TOC∗ TN mg N g−1

station area % [g m−2] [µg C g−1 d−1] [mg C g−1]

0 km 1–2 Aug 2010 100.0 3775.0 1.9±0.9 0.9±0.3 <0.01
2 km 1–2 Aug 2010 0.7±0.7 26.5±27.6 1.9±2.7 2.7±1.2 0.4±0.1
4 km 1–2 Aug 2010 1.4±0.5 29.4±28.1 3.2±2 3.8±0.6 0.4±0.3
5.7 km 1–2 Aug 2010 2.0±1.9 71.1±57.4 2.8±1.1 5.6±1.0 0.6±0.1
7.5 km 1–2 Aug 2010 1.7±1.2 63.1±51.6 4.2±3.2 14.6±0.4 1.4±0.3
7.5 km 5–6 Aug 2010 n.d. n.d. 14.1±6.5 14.6±1.7 1.6±0.2
17 km 5–6 Aug 2010 2.0±1.5 57.0±53.2 22.0±4.8 47.0±1.8 4.1±0.1
34 km 5–6 Aug 2010 4.8±5.5 168.6±188.5 6.1±2.6 61.9±4.3 5.3±0.2
51 km 5–6 Aug 2010 6.4±6.3 242.3±237.6 2.5±2.0 64.6±3.2 6.5±0.4
79 km 5–6 Aug 2010 0.0 n.d. b.d.l. n.d. n.d.
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Fig. 1. Map showing location of transect sampling points (0 to 79 km) and alternate 2 km
site. Inset map shows location of sampling area within Greenland. The transect started at the
terminus of Leverett glacier (0 km site; 67◦04′17.1′′ N 50◦08′4.2′′ W) and ended 79 km into the
ice sheet (67◦09′10.8′′ N, 48◦22′14.6′′). Satellite image base map from http://www.esri.com/
software/arcgis/arcgisonline.
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Fig. 2. Ice ablation data. (a) Estimated ice ablation at transect sites for entire 2010 melt season.
There is an approximately linear relationship between site altitude and ablation, supporting the
use of a linear fit for the daily ablation data. (b) Cumulative ice ablation measurements made
at the 2 km alternate site. Ice ablation is relatively constant throughout the week of the transect
measurements (1–2 August and 5–6 August), with a mean daily ablation rate of 4.2±2.2 cm.
(c) Solid circles show ice ablation data at 2 km, 51 km and 79 km on 1–2 August (dates of
helicopter transect measurements). Line shows linear regression of site altitude versus ablation
used to estimate ice ablation for mass balance estimates (open circles) (Sect. 2.5).
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Fig. 3. Total dissolved inorganic nitrogen (DIN) versus total dissolved nitrogen (TN(aq)) in ice
and snow samples along the transect. There is a near 1:1 relationship between DIN and TN(aq)
indicating that organic nitrogen is a relatively minor component of both ice and snow along the
transect. Error bars are ±1σ.
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Fig. 4. Cryoconite hole nitrogen chemistry and microbial activity along the transect. (a) Dis-
solved inorganic nitrogen (DIN) in cryoconite holes. The mean icemelt and snowmelt DIN
concentrations are shown on the right hand side of the figure for comparison. (b) Cryoconite-
bound NH+

4(s) in cryoconite holes. Only the first 51 km of the transect is shown as there was
insufficient cryoconite debris at 79 km for solid phase analysis. (c) Cryoconite total organic car-
bon (TOC) vs. cryoconite-bound NH+

4(s). (d) Nitrogen fixation (acetylene assay) in cryoconite
holes. (e) Relative abundance of nifH genes from gamma proteobacteria, trichodesmium-type
and heterocystic bacteria. Error bars are ±1σ.
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Fig. 5. Scatter plot showing relationships between chemistry and nitrogen fixation. (a)
Cryoconite-bound NH+

4(s) vs. nitrogen fixation in cryoconite holes along the transect. (b) Dis-
solved inorganic nitrogen (DIN) vs. nitrogen fixation in cryoconite holes along the transect. Error
bars are ±1σ.
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Fig. 6. Estimated fluxes of icemelt derived nitrogen (TNicemeltopen
and TNicemeltclosed

, assuming fully
open and closed hydrologically connectivity for cryoconite holes respectively) and the estimated
microbial assimilatory nitrogen requirements of the biota within cryoconite holes (NNEP) along
the transect. The 79 km site is not included as rates of NEP were below detection. Areal
estimates of nitrogen fixation in cryoconite holes are also shown. See main text, Sect. 2.5, for
details of modelling. Parameters at each site are slightly offset from each on the horizontal axis
to more clearly show individual error bars. Error bars are ±1σ.
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Fig. 7. Potential time (after time of sampling) for net ecological production (NEP) to exhaust
cryoconite-bound NH+

4(s) along the transect, estimated from Eq. (5) (see main text).
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Fig. 8. Minimum and maximum estimates of the % nitrogen fixation of annual precipitation
along the transect, estimated from Eq. (6) (see main text).
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