Biogeosciences, 9, 2432442 2012 A ]
www.biogeosciences.net/9/2431/2012/ ‘GG’ Biogeosciences
doi:10.5194/bg-9-2431-2012 -
© Author(s) 2012. CC Attribution 3.0 License.

Microbial nitrogen cycling on the Greenland Ice Sheet

J. Telling®, M. Stibal, A. M. Anesiol, M. Tranter 1, I. Nias!, J. Cook?, C. Bellag, G. Lis?, J. L. Wadham?, A. Solé,
P. Nienow?, and A. Hodsor?

1Bristol Glaciology Centre, School of Geographical Sciences, University of Bristol, Bristol, BS8 1SS, UK
2Department of Geography, University of Sheffield, Sheffield, S10 2TN, UK
3School of GeoSciences, University of Edinburgh, Edinburgh, EH8 9XP, UK

Correspondence tal. Telling (jon.telling@bristol.ac.uk)

Received: 11 October 2011 — Published in Biogeosciences Discuss.: 25 October 2011
Revised: 7 April 2012 — Accepted: 22 May 2012 — Published: 5 July 2012

Abstract. Nitrogen inputs and microbial nitrogen cycling downstream transport of carbon and nutrients (Anesio et al.,
were investigated along a 79 km transect into the Greenlan@009; Stibal et al., 2012). To date, however, only two studies
Ice Sheet (GrIS) during the main ablation season in sum-ave quantified microbial carbon cycling on the GrIS (Hod-
mer 2010. The depletion of dissolved nitrate and produc-son et al., 2010b; Stibal et al., 2012), while no studies have
tion of ammonium (relative to icemelt) in cryoconite holes examined microbial nutrient cycling on the GrlS.

on Leverett Glacier, within 7.5km of the ice sheet margin, Microbial nitrogen cycling will likely be vital in sup-
suggested microbial uptake and ammonification respectivelyporting the activity and growth of microorganisms on the
Positive in situ acetylene assays indicated nitrogen fixationGrlS; after carbon, the greatest nutrient on a cellular mass
both in a debris-rich 100 m marginal zone and up to 5.7 kmbasis is nitrogen (Redfield et al., 1963). Microbial nitrogen
upslope on Leverett Glacier (with rates up to 16.3 umolescycling has been previously measured or indirectly inferred
CoHs m—2 day1). No positive acetylene assays were de- on glaciers. Nitrogen fixation can be active in cryoconite
tected> 5.7 km into the ablation zone of the ice sheet. Po- (surface sediment) holes on smaller Arctic valley glaciers,
tential nitrogen fixation only occurred when concentrationssuggesting that nitrogen inputs from snowmelt, icemelt and
of dissolved and sediment-bound inorganic nitrogen were unorganic remineralization can be insufficient to meet the de-
detectable. Estimates of nitrogen fluxes onto the transect sugnands of microbial growth (Telling et al., 2011). Microor-
gest that nitrogen fixation is likely of minor importance to the ganisms capable of nitrogen fixation have also been docu-
overall nitrogen budget of Leverett Glacier and of negligible mented in sediment on a New Zealand glacier (Foght et al.,
importance to the nitrogen budget on the main ice sheet it2004). Mass balance considerations suggest that nitrification
self. Nitrogen fixation is however potentially important as a may be important in glacial catchments in the Arctic (Hod-
source of nitrogen to microbial communities in the debris- son et al., 2005; Wynn et al., 2007), the Alps (Tockner et
rich marginal zone close to the terminus of the glacier, whereal., 2002), the Rockies (Baron et al., 1995; Campbell et al.,
nitrogen fixation may aid the colonization of subglacial and 2000), and the maritime Antarctic (Hodson, 2006; Hodson et
moraine-derived debris. al., 2009). Significant ammonia retention has been demon-
strated on the catchment scale of two Arctic valley glaciers,
which may be due to microbial uptake (Hodson et al., 2008,
. 2010c). Microcosm experiments have indicated active ni-
1 Introduction trification and nitrate reduction, but not nitrogen fixation,

Glaci di h 29 1% of the land ithi beneath a Canadian glacier (Boyd et al., 2011).
aciers and ice sheets cover 29.1% of the landmass within Understanding nitrogen inputs and microbial nitrogen cy-

the Arctic, of which the Greenland Ice Sheet (GrIS) com- cling on the GrIS can help determine the impact of an-

prises 81% (Walker et al., 2005). Due to its large area'thropogenic pollution on supraglacial ecosystems. There

s_upraglamal ecosy_stems on the GrlS may be lmporta_nt to r(Zﬁave been significant increases in nitrogen deposition from
gional carbon cycling via the autochthonous production an
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Fig. 2. Cross section through line of transect shown in Fig. 1. The
transect is divided into three zones: (1) Marginal zone (0 to 0.1 km),
(2) Glacier zone (0.1 to 7.5km) and (3) Ice sheet zone (7.5 to
79 km).

Fig. 1. Map showing location of transect sampling points (0 to debris several mm thick overlying the ice in a zone extend-

79km) and alternate 2 km site. Inset map shows location of sam-ing approximately 100 m upslope from the glacier termi-

pling area within Greenland. The transect started at the terminu§S- We define this as the marginal zone (Fig. 2). The 2km
of Leverett Glacier (Okm site; 604.17.1” N, 50°08.4.2” W) and  through to 7.5 km sites are located on the main bulk of Lev-

ended 79km into the ice sheet f@B108" N, 48°2214.6” W). erett Glacier; we define this as the glacier zone (Fig. 2). Sites
Satellite image base map frorhttp://www.esri.com/software/ > 7.5km are located on the ice sheet, and are defined as the
arcgis/arcgisonline ice sheet zone (Fig. 2).
No surface water was present at the marginal site; hence,
_ i ) . only surface sediment (cryoconite) was sampled. At the
a”t_hmpOg_e”'C_ sources on Arctic glaciers and the_ Gris SINClacier and ice sheet sites (with the exception of the 79 km
preindustrial times (Kekonen et al., 2005; Olivier et al., gjie) photh cryoconite and the overlying supraglacial waters
2006), and its impact on the nutr|.ent—poor supraglacial envi-,are sampled. At the time of sampling, these cryoconite
ronment has yet to be well established (Hodson et al., 2009)gje5 were open (i.e. holes without ice lids allowing gaseous
In .th|s'study we te;t the hypothesis that ther_e Is a{:tlve Mi-exchange with the atmosphere) containing cryoconite one to
crobial nitrogen cycling on the GrIS by measuring microbial ¢ayeral mm thick. The 79 km site was completely covered
nitrogen fixation, relative nifH gene abundance and nitrogen;, slush, and cryoconite was present only as tiny sub mm
chemistry over a 79km transect into the GrlS, so coveringgains dispersed within the slush. There was insufficient cry-
the entire ablation zone. We estimate the importance of nigeqnite collected at this site to allow solid phase nutrient
trogen fixation to the total input of nitrogen to the GrIS and analysis. There was no precipitation over the measurement
to supporting net microbial growth on the ice sheet surface. period other than light snow at the 79km site. Water sam-

ples for nutrient analysis were taken using a 50 ml syringe

2  Methods and filtered through online 0.45 pm Whatman™ cellulose ni-
trate filters into Nalgene™ HDPE bottles. All bottles were
2.1 Study locations, sampling and in situ physical rinsed three times with filtered sample before collection. Cry-
measurements oconite for nutrient analysis was sampled using a pipette and

stored in sterile 15 ml polypropylene centrifuge tubes. Sam-
Nutrient analysis and nitrogen fixation assays were madeles were frozen at-20°C and transported frozen back to
along a 79km transect on the GriS (6417.1"N, Bristol for later chemical analysis.
50°0845.2” W to 6770910.8" N, 48°2214.6” W) (Fig. 1). At all sites, in situ bottle incubations were used to estimate
Transect sites have previously been described in Stibal etates of net ecosystem production (NEP; previously pub-
al. (2010). The transect started from the terminus of Leverettished in Stibal et al., 2012) and nitrogenase activity (via the
Glacier on the western coast of Greenland, approximatelyacetylene assay) (see Sect. 2.3). Additional measurements of
15km inland from Kangerlussuaq (Fig. 1). Transect sites atNEP and nitrogenase activity were made earlier in the season
7.5km, 17km, 34km, 51 km and 79 km were accessed by6 June to 15 June 2010) at an alternate 2 km site located at
helicopter on 1 August and 2 August 2010. Transect siteghe margins of the ice sheet (Fig. 1).
at 0km, 2km, 4km, 5.7 km and 7.5km (repeated) were ac- Continuous daily measurements (with occasional loss of
cessed by walking from the terminus of Leverett Glacier ondata due to sensor failures) of total ablation along the tran-
5 August and 6 August 2010 (Fig. 1). Cryoconite at the 0 kmsect were measured using Campbell SR50A ultra-sonic depth
station was present as a relatively uniform apron of surfacegauges at fixed ablation poles at the 2km, 17 km, 51 km and
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79 km sites over the course of the 2009 and 2010 melt sean cryoconite holes at the 2 km alternate site (12—13 June,
sons. Fresh snow was sampled using a snow shovel at th23—-24 July and 27-28 July 2010). At each individual hole or
0km site in early June 2011, prior to the start of the melt sample point, duplicate acetylene amended assays were car-
season. Ice samples were taken along the transect at 0.4 kmed out along with one control with no acetylene added. The
0.6km, 7km, 8km, 15km, 35km, and 70 km sites in early latter was used to check for any background ethylene produc-
June 2010, and at 0 km and 2 km in early June 2011. Ice wation during the incubations. Fourteen additional serum bot-
sampled either as ice chippings using an ice axe or as shottes (five on the walking traverse, five on the helicopter tra-
(=< 70cm deep) cores using a Kovacs ice corer (Fig. 1). Allverse, four at the 2km alternate site) were filled with 15ml
ice and snow samples were placed in pre-cleaned (ringed 6 of 0.2 um filtered MQ water (blank controls) and incubated
with MQ) polypropylene bags and transported frozen backand analysed as described above. At all bare ice sites (2 km to
to Bristol. Samples were melted in pre-cleaned (washed 6 51km, 2km alternate site), assays were carried out on mix-
with MQ) polypropylene bottles and then filtered through tures of cryoconite debris and cryoconite water, using similar
0.45um cellulose nitrate filters. Quadruplicate blank sam-cryoconite thicknesses to those within the holes. At the 0 km
ples of MQ water in polypropylene bags were treated in ansite, debris with no water was used in the assays to repli-
identical way to the samples to act as procedural blanks.  cate in situ conditions. At the 79 km site, slush containing
dispersed cryoconite particles was used, again to replicate in
2.2 Nutrient and total nitrogen analyses situ conditions. Incubations were carried out for 24 h, and
subsamples of headspace gas immediately removed into pre-
Dissolved NH (ag), NOj (aq) NO; (aq) @nd PG ~(aq) in the  evacuated vials for later laboratory analysis.
water, snow and ice samples were analyzed on a Bran Gassamples were stored refrigerated for up to two months
and Luebbe AutoAnalyzer 3. THE(NH; (ag) + NO3 @)+ prior to analysis by gas chromatography following the meth-
NO; (aq) is termed DIN. Detection limits were 6.4ugNi,  ods of Telling et al. (2011). Daily standards of 100 ppm ethy-
6.2ugNI?L, 3.0ugN ! and 10.1pg Pt for NHS, NO;,  lene (Sigma) gave precisiors8 %. The detection limit was
NO, and PG~ respectively. The coefficients of variation 4.2 pmoles @H, m~2 day . Rates were normalised to both
(C.V.) for eight replicate standards were 1.4 %, 4.5 %, 1.6 %the surface area of cryoconite in the bottles and to the dry
and 1.4 % respectively. Total dissolved nitrogen (& on  Weight of cryoconite (umoles &4 g~* day ') after dry-
snow and ice samples was analyzed on a Shimadzu TOC-¥ng and reweighing replicate cryoconite samples from each
CSN analyzer with TNM-1 nitrogen measuring unit. The de- Site. The potential nitrogen fixed in the assaysf(®aily)
tection limit was 3.1 pg N1, with a precision of 1.4%. Un-  was estimated by Eq. (1):
fortunately, TNag) was not carried out on cryoconite water
samples due to loss of samples.

Cryoconite-bound NE (NH (), NO; (NO3(s) and
NO, (NO; (s)) were extracted from cryoconite using a 1M
KCIl method (Telling et al., 2011). Extracts were anal-
ysed on a Bran and Luebbe AutoAnalyzer 3 as describe
above. The detection limits were 0.7 pug Nlgdry sediment,
1.4pgNg? dry sediment and 0.03 ug N'g dry sediment
for NHa+(s) TONs) and NG, () respectively.

Duplicate dried cryoconite samples were analyzed for to-p 4 Net ecosystem production
tal nitrogen (TN) on a EuroVector EA3000 Elemental An-
alyzer. Precision of duplicate TN analyses for the 17 km toNet ecosystem production (NEP) was measured in cry-
51km sites (all> 0.4% TN) was < 6.3%. Precisions of oconite holes at four different times at the 2km alternate
the lower concentration 2km to 7.5km sites (all0.17 % site (4-5 June, 8-9 June, 12-15 June, and 15-16 June 2010).
TN) ranged from 10.5 % to 40.9 %, with a detection limit of NEP is the net balance of gross photosynthesis and respi-

NafiXdaiy = CoHa x 1/3 x 28 1)

where GHy is the amount of ethylene produced in the vials
(after first correcting for ethylene dissolution in water us-
ing the equations of Breitbarth et al. (2004%1/3 converts

moles ethylene to pmoles nitrogen assuming a 3:1 molar ra-
tio between the two (Stewart et al., 1967), an#8 converts
moles of dinitrogen to mass.

100pugNg™. ration of an ecosystem. NEP was measured by incubating
. o glass bottles filled with cryoconite and water for 24 h within
2.3 Acetylene assays (nitrogenase activity) cryoconite holes. Changes in dissolved inorganic carbon in

] o ) the incubation bottles were measured directly after the in-
Rates of nitrogenase activity were measured using the acetyspations had finished on the surface of the glacier using a

lene assay (Stewart et al., 1967), adapted.for field samplingsp systems EGM-4 infrared G@neter, following the meth-
and later laboratory ethylene analyses using the method of4< of Hodson et al. (2010a) and Telling et al. (2010). NEP

Telling et al. (2011). Acetylene assays were carried out inyaaqurements for transect sites have already been reported
four separate cryoconite holes at each of the 2km to 51kmy, stipa) et al. (2012).

sites, at four points in the slush zone at 79 km, at three points
on the debris apron at Okm, and at three different times
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2.5 DNA extraction and quantitative PCR 5

2010

y=-0.0028x + 543
RZ=0.94

Extraction of DNA from one pooled sample from each tran- ™+
sect site was performed using the PowerSoil DNA Isolation
Kit (MO BIO Laboratories, Carlsbad, CA, USA) accord-
ing 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 extracts from along the tran-
sect was determined using quantitative PCR with three sets
of primers specific for two groups of cyanobacterii{
chodesmiuntike and heterocystous) and Gammaproteobac-
teria (Table 1; Church et al., 2005). These primers were cho-
sen to distinguish between the main groups of potential ni- 0
trogen fixers in the samples. The 10-pl gPCR reactions con- oo e
tained 1ul of DNA extract, 5ul of 2 SsoFast EvaGreen 200 400 600 800 1000 1200 1400 1600 1800
Supermix (Bio-Rad, Hercules, CA, USA) and 1pl of for- Altitude m
ward and reverse primer (final concentration 0.5uM). A Min-
iOpticon detection system (Bio-Rad, Hercules, CA, USA) Fig. 3. Ice ablation data. Estimated annual ice ablation at transect
was used for detection of amplified PCR products using thesites for 2009 (solid circles) and 2010 (open circles) melt seasons.
following thermal cycling conditions: initial denaturation at There is an approximately linear relationship between site altitude
95°C for 5min and 45 cycles of 9% for 15 s, 60C for ~ and ablation in both seasons.
30sand 72C for 30 s, followed by melting curve analysis to
ensure that primer-dimers were not formed. Three replicatesvhere ablation is the amount of water (in kg) that annually
were analysed for each sample and blank. No nifH copiesablates from each zone, calculated as follows. First, the an-
were detected in any of the blanks. No nifH standards werenual ablation for each site is estimated for all transect sites
run; hence, the gPCR data are only used to compare the relgsing the best fit linear equations in Fig. 3 for the 2009 and
tive abundance of the nifH gene within the respective group$010 melt seasons. Second, the values of ablation for adja-
along the transect. The data cannot therefore be used to agent sites are averaged (termed here ablafige;—n+1)-

sess differences in the relative abundance of the nifH generhird, the amount of ablation in the area between adjacent
from different microbial groups at the same sites. transect sites is calculated using Eq. (4):

2 km

75 km 17 km

34 km
© Osikm
®

2009
y=0.0035x + 524 @
14 R?=0.08

Ice ablation m water equiv yr

2.6 Nitrogen mass balance estimates ablation, 1 = ablationyerage:—n+1 X ared to n+1 (4)

where areai ,+1 IS the area between adjacent sites (in
km?). Finally, the total ablation for each zone is calculated
from Eq. (5) by summing the ablation of all subareas within
Pach zone (e.g. summing the 2km to 4km, 4km to 5.7 km
and 5.7 km to 7.5 km ablation rates for the glacier zone):

Annual inputs of nitrogen (in units of kg Nyt) from ni-
trogen fixation, precipitation and icemelt were estimated for
the three zones (marginal, glacier, ice sheet) of the transe
(Fig. 2), assuming that the transect is 1%wide.

Nitrogen inputs from precipitation were estimated from
Eq. (2): ablation = X (ablation,_,+1 + ablation, 11,12, ). (5)

The estimated nitrogen input from nitrogen fixation for each

Nprecip = PreCithnnuai Nsnow x area (@) of the three zones (i) is estimated using Eq. (6):

where precipnnual is the estimated annual precipitation N2fix = NofiXay x Masgryoconitex aeax ¢ (6)

. -1 . 0 .
across the transect sites (400 kgiyr =, with 94 % in the where Nfixgy is the mean daily nitrogen fixation rate for

form of snow; Ettema et al., 2009),sNw is the average each zone, Magsoconite IS the mean mass of cryoconite

concentration of NQ(agq) in fresh snow (in kg N2, from "o :
Sect. 3.2), and area is the area of each of the three zoneksm in each of the three zones (using data from Table 2)

. . and: is the typical melt season length in the marginal and
.(0'1 ki?, 7.4 knt and 71'.5 kef for the marginal, glacier, and glacier zones (120 days) and ice sheet zone (110 days) (from
ice sheet zones respectively).
. : . . Wang et al., 2007).
The nitrogen input from icemelt in each of the three zones . . N
N, ) was calculated from Eq. (3): The estimated annual microbial nitrogen uptake due to net
icemel q- (=) growth in each zone is calculated using Eq. (7):

Niceme|t: ab|atI0nX Nice (3) NNEP: NEPX 14/(12 X 66) X maSSryoconite Xt (7)

Biogeosciences, 9, 2432442 2012 www.biogeosciences.net/9/2431/2012/
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Table 1. Primer sets used for gPCR of the nifH gene from the samples (from Church et al., 2005).

name target sequenceé{8) length (bp)
Het105F . bacterisCCCTTTCCGTGGTGTACGTT

Hetlsgr €terocystous cyanobacteria yxraccacGACCCGCACAAC 72
TH2LTF GACGAAGTATTGAAGCCAGGTTTC

Trioggr ' Mchodesmium CGGCCAGCGCAACCTA 83
y104F cobacter TTGGCTTTGGCGACATCAA

y152R ammaproteobactena ACGACCAGCACAGCCAACTC 73

Table 2. Additional NEP and cryoconite coverage data used for mass balance calculations (Sect. 2.6).

Distance NEP! Mean
Transect station Date fromice ugCgld! cryoconite Reference
sheet margin mas$ gm—2
(km)
Marginal zone 1 September 2008 to 2 September 2008 Oto0.1 HD1X 736 Hodson et al. (2010b)
5 August 2010 to 6 August 2010 0to0.1 *®.9 3775 Stibal et al. (2012)
Glacier zone 22 August 2008 to 1 September 2008 20.18+0.38 66.5 Hodson et al. (2010b)
5 August 2010 to 6 August 2010 2to75 4B8.0 55.0 Stibal etal. (2012)
4 June 2010 to 15 June 2010 2 28.1 ND? This study
Ice sheet zone 1 August 2010 to 2 August 2010 17to 51 +0@.4 165 Stibal et al. (2012)

1 Error bars aret1o. 2 As this site is approximately the same as Hodson et al. (2010b), we assume same mean cryoconite mass 6f66.6 gm

where Nygp is the estimated nitrogen requirement of bal- 3.2 Nutrients
anced microbial growth, NEP is the mean rate of net mi-
crobial carbon production in each zone (from data in Table ) .
2), x14/12 converts moles of carbon to moles of nitrogen, "€ Mean NQaq) concentration for all ice samples
dividing by 6.6 assumes a 1:6.6 ratio between nitrogen and!ong transect was 861.7 ugN* (1o) (2 = 9) (Fig. 4).
carbon in microbial cells (after Redfield et al., 1963), and The NG; ag)concentrations in ice at the marginal, glacier
Massryoconite IS the mean measured mass of cryoconite atand ice sheet zones were 6.8pugNI(lo) (n=1),
each site (from Table 2). 9.3+£2.2ugN ! (10) (n=4) and 8.4-1.1pgN ! (10)
(n = 4) respectively. The mean NQyq) concentration of
fresh snow was greater than that of ice at #4483 ugN 1
3 Results (10) (Fig. 4). NHj @ag) NO; (ag) and PG~ (aq) Were below
detection in all snow and ice samples. Procedural blanks
(n = 4) for snow and ice samples were below detection for

Annual ice ablation for the 2010 melt season ranged from\©s (@) NH (aa) NO (ag) and PG (aq)

4.06 myr! (water equivalent) at the 2 km site to 1.06 mr There was a strong correlation between JN&3)

atthe 79 km site (Fig. 3). Annual ice ablation in the 2009 meltand TNy, with 94.1+20.7% (b) (»=14) and

season was lower than in 2010, ranging from 3.22ntyr 100.9£23.7% (b) (n=3) of TN@g) in the form of

at the 7km site to zero ablation at the 79km site (thereDIN inice and snow respectively (Fig. 4).

were insufficient data available from the 2km site in the Mean NHj@g and NOj(aq) concentrations in cry-

2009 season) (Fig. 3). There were approximately linear re2Conite holes along the transect ranged from below

lationships between altitude and ice ablation in both yearsletection & 6.4pgNrt NHy, <6.2ugNIFt NOy)

(-2=0.94 andr2=0.98 for the 2010 and 2009 ablation t0 11.4+32ugNF! NHj (g and 11.3£0.9ugNf?

seasons respectively; Fig. 3). NOj3 (ag) (Fig. 5a). Mean concentrations of N@Qgq) were
relatively constant at the 79km, 51km, 34km and 18 km
sites, ranging from 10.5 to 11.3 ug Nl The latter concen-
trations were higher than the typical Iglgq) concentrations
of ice (8.6+ 1.7 (Iv); Fig. 4). There was a decrease in mean

3.1 Ice ablation

www.biogeosciences.net/9/2431/2012/ Biogeosciences, 9, 212-2012
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18 - NH} ) (r = 0.993,n =9, p < 0.01; Pearson’s correlation,
e two-tailed t-test) (not shown).
164 @® lce o
wd A snow 3.3 Nitrogen fixation activity and nitrogenase gene
T 7 abundance
12 Ve
= »f Rates of nitrogen fixation ranged from below detection
o 101 : 37 | to 119.6+ 25.6 umoles gH, g~* day ! (equivalent to<
< 4.2 ymoles to 16.3umoles 284 m~2 day 1) (Fig. 5d).
= 8 1 Ethylene production in control bottles with no acetylene
Z g @4 1 added was always below the detection limit 4.2 umoles
= _ ya CoHs m=2 day 1) with a mean of 1.6 1.4 pmoles GHy
44 1, m~2 day ! (1o, n = 39). Nitrogen fixation was detected
5 e at the Okm, 2km and 5.7km sites, but not at dis-
P tances of 7.5km or greater into the GrIS (Fig. 5d), or
0 : : : : : : : at the alternate 2km site. Nitrogen fixation was detected

0 7 4 g g 1M 12 14 168 18 only when both DIN and Nﬁq(s) were below detec-
tion (< 6.4 ug N -1 NH (ag), < 6.2 ug N ' NOj (ag) and <
NO3 pugN L 0.7ugNg* NH; (s) (Fig. 6a, b).
Nitrogenase reductase genes were detected at all sites
Fig. 4. NOg (aq) versus total dissolved nitrogen (fdy) inice and  using all three primer sets (Fig. 5e), and similar trends
snow samples along the transect. There is a near 1:1 relationshify their relative abundance along the transect were ob-
between NQ (aq) and TNag) indicating that organic nitrogen is & served. The relative abundance of nifH from heterocys-
relatively minor component of both ice and snow along the transecty o cyanobacteria increased with distance up to 34km
Error bars aret1o. and then decreased again, while both Tiehodesmium
like and the Gammaproteobacteria nitrogenase gene abun-
dances had peaks at 51 km inland (Fig. 5e). This is in con-
NO; (ag) concentrations from 10.9pgN} at the 17km  trast to measured rates of acetylene reduction, which were
site to< 6.2 ug N1 at the 2, 4 and 5.5 km sites (Fig. 5a). only detected in the first 5.7km (Fig. 5d). There was no
NHI(aq) was detected only at the 4km and 7.5km sitessignificant colrrelation between rates of acetylene reduction
(Fig. 5a). NG (agand pci— (ag) Were below detection in all anq tht_a relative abundance of the heterocystous cya}nobac—
samples £ 3.0ugN 1 NO, and< 101 pgPH PO ). t?{'% nifH ?:;.Ee ’(fE _0‘333’_1’ :ooézgl’ liz()i)élthe_-rg
Cryoconite-bound NH ) ranged from <0.7 to chodesmiurtike nifH gene { = —0.265,p = 0.491,n = 9)

1 e ) or the Gammaproteobacteria nifH gene=(—0.464, p =
126 uygNg~ (Fig. 5b). There was a trend of increas-

: o e ; ) > . 0.208,n = 9) (wherer refers to the Pearson product-moment
ing NH; (s) with increasing distance into the GrIS (Fig. 5b). . rejation coefficient).

NHj sy was undetectable<{0.7ugNg?) from Okm to

5.7km, first detected at 7.5km and then increased to & 4 Nitrogen mass balance estimates

maximum of 12.6:1.8ugNg? (10) at 51km (Fig. 5b).

NO;3 ) was only detected in one of the three samples at theAcross the entire 79kfn of the transect, icemelt pro-

0 km site (2.2 ugNgl) with all samples at all other sites vides an estimated 1451423kgNyrl, precipitation

< 1.4pgN gt NO; () (Fig. 5b). NG, sy was not detected at  provides 408.1kgNyr!, and nitrogen fixation just

any site (all< 0.03pgNg?h). 1.4+ 0.7kgNyr! (Fig. 7a). The estimated input of nitro-
Total organic carbon (TOC)/TN ratios in cryoconite in- gen from nitrogen fixation over the transect is therefore an

creased from the 2km site (823.9mgNg?, 10) to the  estimated 0.07 % of the combined nitrogen fluxes of icemelt

17km site (13.53:0.4mgNg?, 10), and diminished to and precipitation. Although the precipitation flux is based

11.6+0.16 (Iv) at the 51 km site (Fig. 5b) (TOC data are on the concentration of just three samples of fresh snow

from Stibal et al., 2012.). Maximum estimates for TOC/TN (14.3+£4.3ugN?; Sect. 3.2), these concentrations are in

ratios at the 0km site (since TN was below detection) werethe range of previous estimates of the N@oncentration of

<4.8, <7.8 and< 9.8. There was a significant correlation fresh snow on the GrlS (mean of 16.9 ugN;l Fischer et

between total organic carbon (TOC) and ng; (r =0.986, al., 1998).

n=29, p<0.01; Pearson’s correlation, two-tailed t-test; Nitrogen fixation does have the potential, however, to be a

Fig. 5¢). There were also significant correlations between TNsignificant source of nitrogen (relative to icemelt and precip-

and TOC ( =0.989,n =9, p < 0.01; Pearson’s correlation, itation) in the marginal zone (Fig. 7b, d). The estimated input

two tailed t-test (not shown) and TN and cryoconite-boundof nitrogen from nitrogen fixation onto the 0.1 Rrmarginal
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Fig. 5. Cryoconite hole nitrogen chemistry and microbial activity along the trangagtDissolved inorganic nitrogen (DIN) in cry-

oconite holes. The mean icemelt and snowmelt DIN concentratitxis X are shown on the right-hand side of the figure for compari-

son. (b) Cryoconite-bound NIZ'I(S) and ratio of TOC/TN (total organic carbon/total nitrogen) 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 doplgsigoconite total organic carbon

(TOC) vs. cryoconite-bound Nﬂs) (d). Nitrogen fixation (acetylene assay) in cryoconite holeyRelative abundance of nifH genes from
Gammaproteobacteridrichodesmiuntype and heterocystic bacteria. In the absence of nifH standards, the gPCR data can only be used to
compare the relative abundance of the nifH gene within respective groups along the transect. The data cannot be used to assess differenc
in the relative abundance of the nifH gene from different microbial groups at the same sites. Error bBels.are

zone (0.770.11 kg N yr1) was 22.8 % of the combined in- gen in the glacier zone was however just 0.2 % of the com-

puts of nitrogen from precipitation (0.6 kg Nkrfiyr—1), and  bined inputs of nitrogen from precipitation (42.2 kg N'y¥

icemelt (2.77£0.23kg N yr1). and icemelt (26&25.6kgNyr?) (Fig. 7e). When nor-
The total flux of nitrogen from nitrogen from nitrogen fix- malised, area mean rates in the glacier zone (.08.0)

ation onto the 7.4km glacier zone (0.6D.73kgNyr?) were two orders of magnitude lower than in the marginal

was similar to the annual estimated nitrogen fixation in- zone (7.7 1.1 kg Nknt2yr—1).

put into the marginal zone (Fig. 7b). The input of nitro-
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160 160 fore likely making up a shortfall in the microbial nitrogen
o 1m : | b budget at the 0km site. Nitrogen fixation at the 0km site
5 10 5, o F may represent an important process in the primary coloniza-
) ET ol tion of predominantly inorganic debris<(1mgg?! TOC,
gs o g8 o0 Stibal et al., 2012). Cryoconite at the 0km site likely de-
- 50 rives from subglacial or lateral moraine debris, and the mi-
0 O;W crobial ecology at this site may be analogous to the pri-
0248 B 0IzeTe 0 5 10 15 2 2% mary colonization of moraines adjacent to glaciers and ice
NH ) DINpgN L sheets (Schmidt et al., 2008). The hourly areal rates of po-

Fig. 6. Scatter plot showing relationships between chemistry andtentlal nitrogen fixation in the cryoconite at the Okm site

2 -1 : s i
nitrogen fixation(a). Cryoconite-bound NEJ(S) vs. nitrogen fixa- (2.6+ 2'3 “g N m=h™=, estlma_ted by dividing the areql n
tion in cryoconite holes along the transéi}. Dissolved inorganic trogen fixation rates from this study by 24) were in the

nitrogen (DIN) vs. nitrogen fixation in cryoconite holes along the fange of recently colonised glacial moraine in the Andes
transect. Error bars ate 1o. (0.8ugNnT2h~1 and 37 uygN m2h-1 respectively after 0

to 1yr and 4 yr of glacial retreat; Schmidt et al., 2008).
The depletion, and in some cases quantitative removal of
The estimated input of nitrogen from nitrogen fixa- NOj (relative to icemelt) from overlying water, in some cry-
tion onto the 71.5krice sheet zone was zero (Fig. 7f). oconite holes on Leverett Glacier is consistent with evidence
Estimated inputs of nitrogen from precipitation and of nitrogen fixation from the acetylene assays (Fig. 5a, d),
icemelt onto the ice sheet zone were 408kgNlyand  and suggests that nitrogen derived from icemelt alone can

11814+ 423 kg Nyr1, respectively. be insufficient to support the nitrogen requirements of mi-
Mean rates of NEP in the marginal zone crobial growth and activity on the glacier. Paradoxically, the
(7.1+10.6kgNyr?) and ice sheet zone estimated annual input of nitrogen from icemelt alone in

(2172+ 2602 kgNyrl) exceeded the combined inputs the glacier zone significantly exceeds that required RN
of precipitation and icemelt, although the ice sheet zone(Fig. 7e). This discrepancy may be explained by one of three
NEP values were highly variable (Fig. 7d, f). Mean rates of mutually compatible hypotheses. First, cryoconite holes may
NEP in the glacier zone (192220.0kgNyr 1) were lower  be partly hydrologically closed to total surface icemelt. Sec-
than inputs from both ice melt and precipitation (Fig. 7e). ond, there may be additional microbial nitrogen assimila-
Using paired measurements from the same cryoconite holeon in other surface ice environments, e.g. dispersed cry-
of estimates of nitrogen fixation (from this study) and NEP oconite grains (Hodson et al., 2007) or ice algae (Uetake et
(from Stibal et al., 2012), we estimate that nitrogen fixation al., 2010). For example, dispersed cryoconite can contribute
was an average of 6:41.7 %, 2.0-6.6% and 0% of the up to half the total cryoconite coverage on Arctic valley
estimated mean microbial nitrogen demandy£®d in the glaciers, and may have the potential to be biologically active
marginal, glacier and ice sheet zones respectively (Fig. 7c). (Hodson et al., 2007). Third, there may be significant addi-
tional loss of TINaqg) via microbial denitrification, perhaps
by microbes located within the anoxic interior of cryoconite
4 Discussion granules (Hodson et al., 2010a).
Overall, the mean importance of nitrogen fixation to mi-
4.1 Active nitrogen fixation in the marginal and glacier ~ crobial growth appears to decrease away from the ice sheet
zones margins (Fig. 7c): an estimated 641.7 % of N\gp in the
marginal zone, 2.4 7.1 % in the glacier zone, and negligi-
Positive acetylene reduction assays in the marginal andble in the ice sheet zone (Fig. 7c). Some caution should be
glacier zones of this study (Fig. 5) are indicative of nitro- used when interpreting the absolute values of these percent-
genase activity, demonstrating the potential for nitrogen fixa-ages due to various uncertainties in the calculations. First,
tion. The measured rates of acetylene reduction in cryoconitehe molar ratio of ethylene produced to dinitrogen fixed may
(< 4.2umoles GH4 m—2 day ! to 16.3 umoles gHs m—2 vary from the theoretical ratio of 3:1 assumed in the present
day 1) were within the range of those previously docu- study. For example, in freshwater lakes the ratio of acety-
mented on Svalbard valley glaciers 2.0 to 99.9 umoles lene reduced to dinitrogen fixed can vary between 2.1:1 to
CoHs m—2 day L; Telling et al., 2011). 11.9:1 (Howarth et al., 1988). Ideally, future studies should
Nitrogen fixation within the marginal zone is also consis- cross-calibrate the acetylene reduction method with?hie
tent with annual mass balance calculations (Sect. 3.4). Théracer method (Seitzinger and Garber, 1987). Second, it is
mean estimated annuafip in the marginal zone exceeded possible that the rates of acetylene reduction were not lin-
estimated annual inputs of nitrogen from precipitation andear over the 24 h of incubation, although previous acety-
icemelt (Fig. 7d) suggesting a potential annual shortfall in ni-lene assay incubations using similar Arctic glacier cryoconite
trogen for net microbial growth. Nitrogen fixation was there- have been shown to be linear over this timescale (Telling
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Fig. 7. Estimated annual fluxes of nitrogen over the trangagtEstimated annual inputs of nitrogen over the entire 79 kransect(b) Es-
timated annual inputs of nitrogen from nitrogen fixation onto the glacier zone, marginal zone and ice shégt Baneentages of nitrogen
fixation of the nitrogen demand of net ecological productioggp for the glacier, marginal and ice sheet zo(ds Estimated annual fluxes
of nitrogen onto the marginal zorge). Estimated annual fluxes of nitrogen onto the glacier Zfn&stimated annual fluxes of nitrogen onto
the ice sheet zone. See main text, Sect. 2.6, for details of calculations. Error baitkrare

et al., 2011). Third, the calculations of\ik assume a bal- of NOj (aq) addition via icemelt and, in the glacier zone,
anced Redfield stoichiometry for microorganisms within cry- NO3 (ag) removal by microorganisms (Fig. 5a). The source
oconite, when in reality the ratio of C:N can vary depending of the cryoconite-bound NH) is however less certain. Ni-
on microbial species and environmental conditions (Reinersyrogen fixation can likely be ruled out, given the observed

1986; Stal, 2000). lack of NH; (aqin cryoconite holes with active nitrogen fix-
ation (Fig. 6b). Production of N]‘fl via dissimilatory nitrate
4.2 Sources of inorganic nitrogen: implications for reduction also seems unlikely given (a) the likely oxic na-
nitrogen fixation on the GriS ture of the surface waters, and (b) DIN in some cryoconite

hole waters exceeded icemelt g, indicating an addi-
The negative relationship of potential nitrogen fixation with tional source of nitrogen rather than a molar conversion of
TIN(aq) and NI—Q(S) (Fig. 6) indicates that the availability of NO3 aqto NHj{(aq) (Fig. 5a). Two remaining likely sources
inorganic nitrogen is a significant control on the presence offor the observed concentrations of 'Z“H) along the tran-
absence of nitrogen fixation on the GrIS. A similar negative ggct gre adsorption of NHag) from early season snowmelt,
inverse relationship between nitrogen fixation and inorganicand/or organic matter remineralization.
nitrogen has previously been documented on Svalbard val- stydies on Svalbard valley glaciers have demonstrated that
ley glaciers (Telling et al., 2011). Identifying the sources of the uptake of NE (aq) onto cryoconite is focused within the
inorganic nitrogen may therefore aid determining when andeayly melt season, consistent with uptake from snowmelt
where nitrogen fixation occurs across the transect. (Wynn etal., 2007; Hodson et al., 2010c; Telling et al., 2011).

NO; (ag) concentrations in cryoconite water across the adsorption of early season snowmelt ljikonto cryoconite
transect can most simply be explained by a combination
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would allow the NI—I(aq) to be utilised by microbes in the mine the quantitative importance of each at marginal, glacier
bare ice zone later into the melt season after the snow pacnd ice sheet zones.
has migrated upslope, delaying microbial nitrogen limitation
and subsequent nitrogen fixation to later in the melt sea4.3 Importance of nitrogen fixation to total nitrogen
son (Telling et al., 2011). In this hypothesis, nitrogen fixa- inputs onto the Greenland Ice Sheet
tion becomes active in the marginal zone first, and the zone
of nitrogen fixation progressively migrates upslope as theResults from the nitrogen mass balance estimates suggest
slush line retreats and available nitrogen reserves are ddhat the importance of nitrogen fixation as a fraction of to-
pleted (Telling et al., 2011). The presence of nifH genes attal nitrogen inputs decreases rapidly away from the ice sheet
all sites across the transect does suggest the potential for nmargins: an estimated 22.8 % of total nitrogen inputs in the
trogen fixation at all sites along the transect (Fig. 5e). Themarginal zone, 0.2 % in the glacier zone, to negligible in the
adsorption of snowmelt-derived I\Il-daq)onto organic mat- ice sheet zone (Fig. 7). Various uncertainties in these esti-
ter within cryoconite offers one plausible explanation for the mates of nitrogen fixation were discussed in Sect. 4.1. Fur-
significant (p < 0.01) positive correlation between TOC and thermore, we are basing our annual estimates of nitrogen fix-
NHj{(S) (Fig. 5¢). ation from this study alone, primarily on a single temporal
The positive correlation between TOC and Ng; snapshot of microbial activity in the peak melt season. Ide-
(Fig. 5c) would also be equally consistent, however, with ally, more measurements should be taken at regular intervals
the ammonification of cryoconite organic matter. Sediment-at all transect sites over the entire melt season; however, this
bound NH; (s) is typically produced via organic mineraliza- was constrained in this study by the high cost of helicopter
tion in freshwater benthic environments (Van Raalte et al..time. While there are no previous studies of nitrogen fixation
1974; Howarth et al., 1988; Seitzinger et al., 1991; Barettin the marginal or ice sheet zones of ice sheets, these esti-
et al., 2002). Mineralization of organic matter derived either mates are consistent with previous studies on glaciers. Us-
from allochthonous organic matter deposition or from accu-ing similar calculations, nitrogen fixation on Svalbard valley
mulated past autochthonous production within cryoconite isglaciers was estimated to be two orders of magnitude lower
likely to be an important additional source of recycled nitro- than the combined inputs from precipitation and icemelt
gen to microbial communities within cryoconite holes (Stibal (Telling et al., 2011). Only low numbers of culturable ni-
et al., 2012). Organic matter in cryoconite along the tran-trogen fixing bacteria were documented on a New Zealand
sect ranged frome 1mgCg? at the 0km marginal site, glacier, suggesting that nitrogen fixation was not a substantial
2.7mgCg? at the 2km site, and up to 64.6mgClgat  source of nitrogen to glacial sediments (Foght et al., 2004).
the 51km site (Stibal et al., 2012). Active organic mat- Finally, a lack of positive nitrogen fixation assays in a snow
ter remineralization in the glacier zone may be indicatedalgae community (despite the detection of nifH genes) com-
by the presence of NHag) at the 4km and 7.5km sites bined with low levels of NH (aq) in supraglacial runoff has
(Fig. 5a). Furthermore, changes in TOC/TN ratios along thebeen used to suggest that nitrogen fixation is unlikely to be a
transect are consistent with organic matter remineralizationsignificant source of nitrogen to the supraglacial environment
Although TOC/TN ratios in cryoconite along the transect at Robertson Glacier, Canada (Boyd et al., 2011).
(8.2 to 13.5; Fig. 5b) are not dissimilar to those typical for ~We have not quantified two other potentially important ni-
microbial biomass in soils (global average of 8.6; Clevelandtrogen inputs in this study: dry deposition, and allochthonous
and Liptzin, 2007), the increase of TOC/TN from the 2 km to deposition of organic nitrogen. Nitrogen input from dry de-
17 km sites (Fig. 5b) may reflect the preferential loss of or-position along the transect, although potentially significant,
ganic nitrogen over organic carbon during organic reminer-is likely to be lower than that from wet precipitation. The
alization, as has previously been documented in subglacigproportion of wet:dry deposition on the GrIS has been mod-
environments (Boyd et al., 2011). The progressive loss of or€lled as a function of snow accumulation rate, with dry
ganic nitrogen over organic carbon from the 2km to 17 kmdeposition exceeding wet deposition at snow accumulation
sites may reflect differences in the time available for or- rates> 34 cmyr-1, equivalent to 340 kg ¢ (Fischer et al.,
ganic remineralization in the glacier and ice sheet zones. Cry1998). While dry nitrogen deposition likely dominates over
oconite in the glacier zone is likely to have a lower residencethe majority of the GrIS (Fischer et al., 1998), wet nitro-
time, and hence less time for organic remineralization, thargen deposition is likely to dominate over the length of the
within the ice sheet zone (Stibal et al., 2012). This is due totransect since annual wet deposition along the transect is
steeper gradients and hence faster rates of debris flushing by 400 kg nT2yr—1 (Ettema et al., 2009).
supraglacial water flow in the glacier zone relative to the ice  Organic nitrogen (and organic carbon) input from al-
sheet zone (Stibal et al., 2012). lochthonous (i.e. aeolian) deposition along the transect is cur-
Both organic remineralization and snowmelt are thereforerently unknown. Both particulate nitrogen (likely dominantly
both likely significant sources of nitrogen for microbial com- organic nitrogen) and dissolved organic nitrogen are likely
munities on the GrlS, with further research required to deterimportant inputs of nitrogen onto Svalbard valley glaciers
(Hodson et al., 2005), and hence also likely to be significant
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sources of nitrogen on Greenland valley glaciers. Dissolved ing and nitrate-reducing microbial assemblages in a subglacial
organic nitrogen cannot be ruled out as a significant source of ecosysetm, Appl. Environ. Microbiol., 77, 4778-4787, 2011.
nitrogen on the GrlS; despite being effectively undetectableBreitbarth, E., Mills, M. M., Friedrichs, G., and LaRoche, J.: The
in snow and ice samples with the analytical methods used Bunsen gas solubility coefficient of ethylene as a function of
in the present study (Fig. 4), it could still potentially greatly temperatgre and salinity and its importance for nitrogen fixation
exceed nitrogen fixation as a source of nitrogen to the Gris,__2SSYs, Limnol. Oceanogr. Methods, 2, 282-288, 2004.

iven the large fluxes of precipitation and icemelt onto thecampbe”‘ D. H., Baron, J. S., Tonnessen, K. A., Brooks, P. D., and
9 9 precip Schuster, P. F.: Controls on nitrogen flux in alpine/subalpine wa-

Gris (F'g' 7a). L . tersheds of Colorado, Water Resour. Res., 36, 37-47, 2000.
The impact of anthropogenic nitrogen deposition on the to-cpyrch, M. J., Short, C. M., Jenkins, B. D., Karl, D. M., and Zehr,
tal nitrogen budget of the GrIS western ablation zone is likely 3. p.: Temporal patterns of nitrogenase gene (nifH) expression in

to be significant given that precipitation is a major input of  the oligotrophic North Pacific Ocean, Appl. Environ. Microbiol.,
nitrogen to the transect (Fig. 7a) and thatN@eposition on 71, 5362-5370, 2005.

the GrIS has doubled since preindustrial times, most likelyCleveland, C. C. and Liptzin, D.: C:N:P stoichiometry in soil: is
due to fossil fuel burning (Olivier et al., 2006). The impact of  there a“Redfield ratio” for the microbial biomass?, Biogeochem-
anthropogenic nitrogen deposition on the total nitrogen bud-_ iStry: 85, 235-252, 2007. )

get of the western GrlS ablation zone is however likely to beEttéma. J., van den Broeke, M. R., van Meijgaard, E., van de Berg,
lower than that on some high Arctic glaciers, such as those - J- Bamber, J. L., Box, J. E., and Bales, R. C.. Higher sur-

. . face mass balance of the Greenland ice sheet revealed by high-
in Svalbard. In contrast to the transect of this study, annual resolution climate modelling, Geophys. Res. Lett., 36, L12501,

nitrogen inputs on high Arctic Svalbard valley glaciers are doi:10.1029/2009GL03811@009.

likely dominated by precipitation rather than icemelt (Hod- rischer, H., Wagenbach, D., and Kipfstuhl, J.: Sulfate and nitrate
son et al., 2005). Deposition of NOon Svalbard glaciers firn concentrations on the Greenland ice sheet 1. Large-scale
has increased 65 % since preindustrial times due to anthro- geographical deposition changes, J. Geophs. Res., 102, 21927—
pogenic deposition (largely from fossil fuel burning; Keko- 21934, 1998.

nen et al., 2005), substantially increasing the total nitro-Foght, J., Aislabie, J., Turner, S., Brown, C. E., Ryburn, J., Saul, D.
gen deposition on the glaciers (Hodson et al., 2005, 2010c). J., and Lawson, W.: Culturable bacteria in subglacial sediments
While NO; deposition from precipitation on the GrIS has and ice from two southern hemisphere glaciers, Microb. Ecol. 47,
increased even more over the same period (Olivier et al. 329-340, 2004. _ _

2006), the impact as a percentage of total nitrogen inputs ig'°9S0n: A Biogeochemistry ‘of snowmelt in an  Antarc-

. . . . . tic glacial ecosystem, Water Resources Res., 42, W11406,
likely to be ameliorated in part by the dominance of icemelt doi:10.1029/2005WR00431 2006.

as a nitrogen input (Fig. 7a). Hodson, A. J., Mumford, P. N., Kohler, J., and Wynn, P. M.: The
High Arctic glacial ecosystem: New insights from nutrient bud-
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