
concentration in each bottle was determined by first taking a mean of the six readings in the individual 

bottles, and then in duplicate bottles of each type (light/dark/control/degree of shading). Reported 

error bars show the range of the readings around this mean.  

In order to investigate the processes occurring in greater detail, a second incubation experiment was 

conducted using cryoconite samples from Canada Glacier, McMurdo Dry Valleys, Antarctica (77.62° S, 

162.95° E, Figure 1) and Leverett Glacier, SW Greenland (67.06 °N, 50.17 °W). Debris samples used were 

already in-house at Cardiff University, UK, having been transported, stored and transferred to incubation 

vessels as in the first experiment. The incubation was performed in a cold room where the water bath 

was maintained at 4.5°C, under LED light rigs from Dormgrow (USA). The LED lights covered the UV, blue 

(280-495 nm), red, far-red and white (620-900 nm) parts of the spectrum, to closely mimic the natural 

radiation received by the organisms at the ice surface. The LED lights provided higher PAR than the 

Envirolite rigs, so the experiment was conducted at 274 and 75 µmol m2 s-1. DO measurements were 

conducted in a similar manner to the first incubation, but instead used a Unisense needle-type optode 

(Unisense, Denmark).  

Determination of P and R 

P (photosynthesis) and R (respiration) as µgC g-1 day-1 were calculated by Equations 1 and 2 (Telling et al. 

2010), where O2
P is the recorded saturation of oxygen in the light sample (%), O2

R is the recorded 

saturation of oxygen in the dark sample (%), O2
Blk is the oxygen saturation of the blank, O2

0°C is the 

oxygen content of water at 0°C (14 mg/l), 32 is the molecular mass of oxygen, 12 is the relative atomic 

mass of carbon and Hours is the duration of each incubation step in hours. There was no correction for 

sulphide oxidation, since previous investigation has shown it is insignificant compared with DIC 

generated by ecosystem productivity (Hodson et al. 2010). Sulphate concentrations ranged from 0.4 to 

1.9 ppm. NEP (net ecosystem production) is calculated by the difference between P and R. 
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Fluorescence measurements of photophysiology 
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Pulse amplitude modulated (PAM) fluorescence measurements were carried out in the laboratory using 

a Water PAM with EDF fibre optic blue light detector / emitter PAM (Walz, Effeltrich, Germany) with a 

blue measuring light. Blue light was used, rather than the more common red light, since the dominant 

species in Antarctic cryoconite is cyanobacteria (Porazinska et al. 2004). Rapid light photosynthesis-

irradiance curves (RLCs) were constructed following the method of Perkins et al. (2006, 2010) using 

incremental light steps of 30 s duration and a saturating pulse of approximately 8000 μmol m-2 s-1 PAR 

(Photosynthetic Available Radiation, 400 to 700 nm) and pulse width of 600 ms. Data were imported 

into R (R v.3.0.2; R Core Development Team, 2013) software and relative electron transport rate (rETR) 

was calculated as Equation 3, where Fq’/Fm’ is the quantum efficiency of PSII calculated by Equation 4,  

and where Fm’ is the maximum fluorescence yield and F’ is the operational fluorescence yield at each 

incremental light step of the RLC. 

rETR = Fq’/Fm’ x 0.5 x PAR   (3) 

Fq’/Fm’ = (Fm’ – F’) / Fm’   (4) 

For each RLC, iterative solution to the curve was carried out using the model of Eilers and Peeters 

(1988), with calculation of light curve parameters from significant (p<0.01) fits of the coefficients a, b 

and c from the model. Parameters calculated were α (light utilisation coefficient), Ek (light saturation 

coefficient) and rETRmax (maximum rETR). Down regulation of photochemistry in the form of Non 

Photochemical Quenching (NPQ) (Perkins et al., 2010) was calculated as in Equation 5, where Fm.max is 

the maximum Fm’ value obtained during the RLC and hence takes into account residual NPQ retained 

from the previous light dose prior to the start of the RLC (Serodio et al., 2005).  

NPQ = Fm max / Fm’ – 1   (5) 

Results 

The ice thickness of the monitored cryolake ranged from 7-30cm and the water depth from 2-28cm 

during the experiment. The probes remained frozen in place throughout, although the ice thickness 

fluctuated. The lake was connected to the surrounding drainage system via a supraglacial stream, but it 

retained its ice lid throughout the experiment.  The in situ measurements revealed a complex interplay 

between physical and biogeochemical processes over the short measurement period (Figure 2). Changes 

in PAR at the ice surface caused local heating of the debris surrounding the probe at the base of the 

cryolake, increasing water temperature and prompting biogeochemical changes. The PAR increase at the 

cryolake bottom melted the ice above the sediment, releasing solute from the ice crystal matrix, 
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indicated by the spike in EC at DY 20 in Figure 2. Oxygen concentrations rose from 90% to near 100% air 

saturation and declined over the following three days. There was another peak in EC and oxygen on DY 

22, and on DY 26, and then oxygen concentrations stabilised at c. 85% air saturation and EC at c. 38 µS 

cm-1 until the end of the monitoring period.  

The mean PAR attenuation, measured by comparing PAR at the surface with that within the monitored 

cryolake, was 77% (Figure 2). Experiments on a range of lakes with varying ice lid thickness and water 

depth showed that the ice was responsible for the majority of the attenuation (Figure 3). The water 

layer attenuated approximately 20% of the surface PAR, regardless of the depth, whilst the ice 

attenuation was strongly controlled by the ice thickness (Figure 3). The mean cryolake lid ice thickness 

was 16cm (n=28), which equates to an ice attenuation of 79%, and a water attenuation of 20% (Figure 

3). In cryoconite holes on Canada Glacier, up to 99% of incoming PAR did not reach the base (Figure 4). 

Daytime peak values of 1200 µmol m-2 s-1 on the ice surface of Canada Glacier compared with 475 µmol 

m-2 s-1 at the base of the monitored cryoconite hole (overnight minima were 75 and 25, respectively).  

The mean attenuation in the cryoconite hole was 72% prior to internal melting on the 23rd January 2010, 

and 62% thereafter. There was a slight lag between peaks at the ice surface and hole base as a result of 

glacier sidewall shading: the PAR at the ice surface was derived from an adjacent met station, some 

0.5km from the monitored cryoconite hole, which was shaded slightly earlier than the cryoconite hole 

site. 

 

Laboratory Experiments 

The light attenuation data were used to simulate controlled primary production experiments in the lab. 

In the first experiment, the time taken for the system to reach net P (where P>R, Equations 1 and 2) 

varied according to the degree of shading (Figure 5). Where light intensity was higher, the microbial 

community reached a state of net P more rapidly. The gross quantity of C fixed (Equation 1) in the light 

bottles peaked at 22.1, 24.6, 25.9 and 22.7 µg C g-1 in the 60, 45, 25 and 15 µmol m2 s-1 experiments, 

respectively.   

The experiment was repeated at higher light intensities of 74 and 275 µmol m2 s-1 (Figure 6). These 

values were comparable to the peak and minimum concentrations of PAR penetrating to the base of an 

Antarctic cryoconite hole (Figure 4). During this experiment, the water bath temperature was higher 

(4.5°C), so the time taken for the system to reach net P cannot be directly compared with the previous 
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experiment. The gross quantity of C fixed in the light bottles was 30 and 65 µg C g-1 in the 275 and 74 

µmol m2 s-1 experiments, respectively.  The time taken for the system to reach net P was much faster, 

likely as a combined result of higher light intensity and higher temperatures. The incubation at 275 µmol 

m2 s-1 reached net P after 4 days, whereas the 74 µmol m2 s-1 incubation took just 1.5 days. This suggests 

that the higher light intensity may actually inhibit the microbial community.  

To investigate whether increasing light intensity could inhibit photosynthetic activity of the phototrophs 

within the community, we repeated the experiment using cryoconite from an Arctic glacier, Leverett 

Glacier, SW Greenland and undertook PAM fluorometry measurements throughout the incubation. 

Cryoconite from the Arctic glacier (67 °N) had been exposed to light for longer periods than the 

Antarctic glacier (77° S). The Arctic cryoconite was also not covered by an ice lid, so was exposed to high 

light intensity over the whole summer. 

The Arctic incubations behaved very differently compared to the Antarctic experiments, in agreement 

with previous observations in the literature (Hodson et al. 2010, Bagshaw et al. 2011a). P and R were 

typically in balance throughout the experiment at both light intensities (Figure 6), although activity in 

both light and dark bottles was much higher at 74 µmol m2 s-1 and there was a very low net P (2 µg C g-1) 

from day 4 onwards. The maximum relative electron transport rate (rETRmax) shows the rate of electrons 

pumped through the photosynthetic chain and is hence a measure of photosynthetic efficiency. 

Fluorescence measurements of rETRmax (Figure 7) indicated that both Antarctic and Arctic samples were 

better acclimated to low light (74 μmol m-2 s-1 PAR) compared to high light (276 μmol m-2 s-1 PAR). 

Although data were variable between samples (indicated by the high error bars), on transfer from low 

light to high light (Figure 7 A, B) photoinhibition was observed as a suppression of rETRmax, suggesting 

light induced stress, with no acclimation by the end of the experimental period. Importantly, the reverse 

was seen for transfer from high light to low light, indicating that samples did not acclimate to the higher 

light level, but showed recovery once transferred into low light (Fig. 7 C, D). Data for the coefficient of 

light use efficiency (α) followed the same pattern as rETRmax, with correlations of r = 0.76, 0.77, 0.87 and 

0.85 (all p < 0.01) for Antarctic high to low light, Antarctic low to high light, Arctic high to low light and 

Arctic low to high light experiments, respectively. Values of α ranged between 0.04 and 0.11 relative 

units. The light saturation coefficient also followed the same patterns as for rETRmax and α, with values 

ranging between 460 and 660 μmol m-2 s-1 PAR.  

Down regulation in the form of non-photochemical quenching (NPQ) is a mechanism employed by 

photosynthetic organisms to protect against photodamage (Ting and Owens 1993). Increasing NPQ 
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induction was apparent as a function of increasing PAR across all light curves of both Arctic and Antarctic 

samples, in both experiments, either with transfer from high to low or low to high light. Importantly, 

however, NPQ did not saturate during any rapid light curves, indicating that although photoregulation 

via NPQ was induced, the highest light dose provided (1944 µmol m-2 s-1 PAR) was not sufficient to 

saturate NPQ and cause photoinhibition/photodamage. When Arctic communities were transferred 

from low light (74 μmol m-2 s-1) to high light (275 μmol m-2 s-1), no obvious pattern in NPQ was observed, 

with an average value of NPQ induced by the end of the rapid light curve (PAR of 1944 µmol m-2 s-1 PAR) 

of 0.58 ± 0.012 (mean ± s.e.). This demonstrated a greater induction of NPQ compared to Antarctic 

cultures, which had an NPQ of 0.11 ± 0.001 at this light level. Interestingly, Antarctic communities 

showed a significant linear increase (r2 = 0.66, p < 0.01) in final NPQ at the end of the light curve , prior 

to a decline in NPQ to 0.066 when transferred to high light. For samples transferred from high light to 

low light, there were no significant patterns over the experimental period and no significant difference 

between Arctic and Antarctic communities, with mean NPQ at the end of the RLC of 0.038 ± 0.0088 and 

0.054 ± 0.014, respectively. 

Discussion 

Antarctic cryolake and cryoconite hole systems differ from their Arctic counterparts in several key ways. 

First, the melt season is shorter by 20-40 days; second, they are ice-covered, which partially shades the 

sediment layer; third, the ice cover may hydrologically isolate the hole from surface melt, closing the 

systems; and fourth, the microbial community may differ (Cameron et al. 2012), with some samples 

including small animals which could alter community respiration (Zawierucha et al. 2015). These 

external controls are important in interpreting ecosystem productivity. For example, freeze-thaw can 

significantly affect biogeochemical conditions by forcing oxygen in and out of solution and freeze-

concentrating solutes in the water (Bagshaw et al. 2011). This can result in spikes in EC and DO (Figure 4) 

associated with physical environmental changes rather than biological activity. Our in situ monitoring 

demonstrates the importance of physical changes in controlling the biogeochemical environment within 

cryoconite and cryolake ecosystems. In order to understand the biological response to these physical 

changes, we use closed bottle incubations in the laboratory where external physical conditions can be 

closely controlled.  

Light and temperature are important controls on glacial microbial community production (Stibal et al. 

2012). In glacier surface ecosystems which contain meltwater, temperatures are fairly constant at just 

above freezing, and research has demonstrated that bacterial communities are well-adapted to cope 
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with these temperatures (Singh et al. 2014). There has been comparatively little focus on the 

mechanisms by which these communities respond to intense UV radiation received at the ice surface. 

Research on glacier surface ice algae, and on cyanobacterial mats which grow in Antarctic melt streams, 

has shown that organisms produce pigments which protect them from UV (McKnight et al. 1999, Remias 

et al. 2012, Yallop et al. 2012, Foreman et al. 2013). However, there has been little investigation of the 

degree of light stress and adaptation mechanisms operating in cryoconite hole and cryolake 

communities, which are likely dominated by different species to the bare ice surfaces (Takeuchi 2013). 

One study of cryoconite communities from the Blue Ice ecosystem near Vestfold Hills demonstrates that 

they are likely low-light adapted during short-term incubations (Hodson et al. 2013). Our data extend 

this work by prolonging the incubation period and investigating the photophysiology of the community 

as a whole. 

 

The field measurements demonstrate that the ice lid severely limits the proportion of solar radiation 

that can reach the sediment layer in larger Antarctic cryoconite holes and cryolakes. The proportion of 

PAR transmitted to the base of the cryolake is, on average, <10% of that received on the ice surface, 

primarily as a result of reflection and scattering (Warren et al 2006). This is a similar scenario to that 

found in the perennially ice-covered lakes of the Dry Valleys. PAR attenuation at 10m depth in these 

oligotrophic water bodies beneath the ice cover is up to 99% (Fritsen and Priscu 1999), and so the 

photosynthetic organisms which inhabit the lake must adapt to extremely low light levels (Morgan-Kiss 

et al. 2006) to maximise the photosynthetic efficiency, for example, by locating large numbers of 

chlorophyll pigments at each photosynthetic centre (Lizotte and Priscu 1992).  

 

There are diurnal and seasonal changes in PAR penetration within cryoconite hole and cryolake habitats 

associated with the melting of the ice lids. As the ablation season progresses, an increasing percentage 

of surface PAR is transmitted to the debris layers where the majority of microorganisms are located. This 

is illustrated in Figure 2. Once internal melting of the cryolake has occurred, indicated by the spike in 

conductivity and increase in water temperature at day 20, the PAR attenuation decreases dramatically 

and clear diurnal cycles in PAR are detected at the sediment layer between day 20 and 26. On day 27, a 

freezing event decreases the water temperature and increases the PAR attenuation. Daily PAR maxima 

at the base of the Canada Glacier cryoconite hole rose from 150 to 400 µmol m2 s-1 following the melt 

event on 22nd January (Figure 4), and daily maximum PAR attenuation in the cryolake decreased from 85 

to 75% during the same event (Figure 2). This was primarily a result of the ice lid thinning, likely melting 
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from below. The PAR attenuation recorded in the cryoconite hole was similar to that observed by 

Hodson et al. (2013) in cryoconite holes in the Blue Ice areas of the Vestfold Hills. Melting of the ice not 

only causes thinning of the ice cover, but changes the optical properties, with the ice appearing more 

bubbly and ‘whiter’ as the season progress. This phenomenon is also observed in adjacent ice-covered 

lakes (Fritsen and Priscu 1999), although PAR propagation through the glacier ice lid is generally higher 

than through the lake ice caps (Hodson et al. 2013). Ice at the top of the lid is opaque and bubbly 

because of rapid freezing, and hence exhibits very high attenuation. In contrast, the ice at the base of 

the lid is formed by slow refreezing of the meltwater below, during which bubbles are expelled. This 

reduces reflection and increases scattering (Warren et al. 2006), and so more radiation reaches the base 

of the cryolake as the season progresses (Figures 2 and 4). Our measurements demonstrate that water 

attenuates comparatively little of the incoming PAR, since small changes in water depth had little effect 

on PAR measured at the sediment layer. 

PAR receipt at the sediment layer was an important regulator of productivity in the experimental 

microbial communities. The time taken for the incubations to reach a state of net P is controlled by light, 

temperature and availability of carbon and other nutrients. Previous experiments have demonstrated 

that the communities are capable of recycling nutrients and employ strategies to extract N and P from 

minerals in the cryoconite material (including nitrogenase and phosphatase) (Stibal et al. 2008, Telling et 

al. 2011, Segawa et al. 2014). The availability of dissolved inorganic carbon is controlled by 

heterotrophic activity in the sediment layer and dissolution of CaCO3 from cryoconite (Bagshaw et al. 

2016), with comparatively little introduced by melting of ice below the sediment layer. Since the 

sediment layer depth was identical in all our incubations, there should be little variation in carbon and 

nutrient availability between experiments, hence the primary controls were temperature and light 

intensity. In the low temperature incubations (where PAR ranged from 15-60 µmol m2 s-1), higher PAR 

resulted in more efficient photosynthetic communities, with the incubations reaching a state of net P 

more rapidly when light intensity increased. However, when light intensity was further increased from 

74 to 275 µmol m2 s-1, the communities became less efficient.  

Filamentous cyanobacteria can adjust the length of light-harvesting antennae according to the level of 

available irradiance (Huner et al. 1998, Morgan-Kiss et al. 2006).  Research in the Arctic has suggested 

that photosynthetic cells are located on the outside of cryoconite granules to obtain the most light 

(Langford et al. 2010). We therefore anticipate that adaptations to low light are operating in the 

cryoconite hole and cryolake communities. Analysis of fluorescence data indicated that both the 
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Antarctic and Arctic communities were adapted to low light and showed no obvious capability to 

acclimate between light levels. If light acclimation had been observed, rETRmax would have increased and 

α decreased in high light and vice versa in low light, as cells acclimate to maximise electron transport 

rate under higher light whilst investing less effort in maximising light use efficiency (Horton et al., 1996). 

As a result, the light saturation coefficient Ek would increase under high light as cells acclimate to utilise 

the greater photodose available. However, in this study, data for rETRmax, α and Ek showed the same 

patterns, with significant correlation between rETRmax and α. All three parameters increased under low 

light and decreased at higher light, independent of the order of exposure, e.g. on transfer from high to 

low and low to high light the same changes were observed. This demonstrates a lack of 

photoacclimation to high light and suggests cells were adapted to low light and had no capacity to 

change their photochemistry over the duration of each experimental incubation.  

Non photochemical quenching (NPQ) increased as a function of PAR for all light curves, both for Arctic 

and Antarctic samples transferred from both high to low and low to high light, and NPQ did not saturate 

by the end of the light curve. A lack of saturation in NPQ would suggest that, despite the 

photophysiological stress induced under high light, there was still physiological capacity in the form of 

photoprotective down regulation by, for example, inducing xanthophyll cycling to prevent photodamage 

(Ting and Owens 1993, Lavaud et al. 2002, Lavaud and Kroth 2006). This would explain the ability of 

samples to respond to the transfer from high light to low light and show a recovery through the 

observed increases in rETRmax and α. Interestingly, the Arctic samples exhibited similar fluorescence 

results to the Antarctic samples. We had hypothesised that the Arctic communities would be better 

adapted to cope with high radiation, since the ice lids of cryoconite holes and supraglacial lakes situated 

there tend to melt out in the summer months. However, the communities displayed similar rETRmax to 

the Antarctic experiments, and were similarly significantly less efficient at high light levels. In general, 

data for NPQ indicated light stress at high light in both experiments, although Antarctic samples 

appeared to have a significantly greater ability to induce NPQ when not stressed (i.e. at low light) 

compared to Arctic samples. Both sample sets demonstrated that NPQ may occur, in agreement with 

data on ice algae presented by Yallop et al. (2102).  

The key difference between the Arctic and Antarctic communities was that the Arctic communities did 

not reach a state of net P; P and R remained in balance throughout the incubation. This is in agreement 

with several in situ and laboratory studies of cryoconite production rates (Stibal and Tranter 2007, 

Telling et al. 2010, Hodson et al. 2013). We speculate that the Arctic communities are adapted to 
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frequent redistribution by meltwater, and so form micro-communities within the cryoconite which are 

bound together for long periods (Cook et al. 2015). In contrast to the Antarctic system, which rely on 

diffusion of dissolved inorganic carbon from sediment layers (Bagshaw et al. 2016), the Arctic 

communities form tightly-knit granules where phototrophic and heterotrophic processes occur in close 

proximity. The formation of granules may also play a role in protecting Arctic communities from light 

stress, by providing intermittent shading as the granules move, and by extracellular polymeric substance 

shielding (Langford et al. 2014). 

Polar glacier surfaces are exposed to extremely high light levels for several months per year, which can 

cause significant stress to microorganisms. Nevertheless, since the growing season is short, they must 

utilise this light when it is available. Our experiments demonstrate that PAR is a controlling factor on 

cryoconite and cryolake production. Production is limited by low PAR; and conversely, by very high PAR. 

Antarctic cryoconite and cryolake dwelling phototrophs are therefore well-adapted to ‘Goldilocks’ light 

conditions: not too much, not too little. When communities are covered by an ice lid, organisms are 

most suited to low light environments and are stressed by high light. When communities are rarely ice-

covered during the summer months, as in many Arctic systems, they must develop strategies to protect 

against high PAR and UV stress. These include secondary pigmentation (Remias et al. 2012, Yallop et al. 

2012), which can also protect against freeze-thaw processes (Dieser et al. 2010), and formation of 

extracellular polymeric substance-bound granules (Langford et al. 2014). We speculate that such 

granules are rarely observed in Antarctic cryoconite holes and cryolakes because the organisms are a) in 

a more hydrologically stable environment with limited mixing (Bagshaw et al. 2010), and b) usually 

covered by an ice lid which attenuates UV radiation. 

Conclusions 

Measurements of physical, chemical and biological parameters in polar cryoconite and cryolake 

ecosystems revealed that light and temperature are key controls on primary production. Melting of ice 

lids prompts both physical and chemical changes, caused by temperature fluctuation and increased 

penetration of light to microorganisms concentrated in sediment layers. Receipt of PAR is a major 

control on primary production efficiency in cryoconite and cryolake ecosystems. However, more light 

does not necessarily result in higher production. Microbial communities in Antarctic cryolakes which are 

usually covered by an ice lid are more efficient at moderate light levels; production decreases when light 

intensity is increased to levels nearing that measured at the glacier surface. Measurements of 

photophysiology demonstrate that the communities are stressed when exposed to high light and do not 
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acclimate, although they adopt strategies to protect against photo damage. Interestingly, Arctic 

cryoconite communities were also stressed at high light levels, so we speculate that adaptations such as 

pigmentation, granule formation and photophysiological adjustment are important for maintaining 

ecosystem productivity throughout the melt season.  

Funding 

This work was supported by EPSRC grant EP/D057620/1, NERC grant NE/I008845/1 and NSF grant ANT-

0423595. 

Acknowledgements 

Fieldwork was conducted with the McMurdo Dry Valleys LTER and Antarctica New Zealand K064 site 

teams whose support is gratefully acknowledged, with logistics provided by Raytheon Polar Services and 

PHI Helicopters. James Bradley collected some of the Leverett Glacier cryoconite samples. Laboratory 

work was conducted at the University of Bristol’s LOWTEX facility and the Cardiff Cold Climate lab. We 

acknowledge two anonymous reviewers whose suggestions improved the manuscript. 

 

References 

Anesio, A. M., Hodson, A. J., Fritz, A., Psenner, R. and Sattler, B. High microbial activity on glaciers: 
importance to the global carbon cycle. Global Change Biology 2009;  15: 955-960 DOI: 10.1111/j.1365-
2486.2008.01758.x. 
Anesio, A. M. and Laybourn-Parry, J. Glaciers and ice sheets as a biome. Trends in Ecology & Evolution 
2012;  27: 219-225 DOI: 10.1016/j.tree.2011.09.012. 
Bagshaw, E. A., Tranter, M., Fountain, A. G., Welch, K., Basagic, H. J. and Lyons, W. B. Do cryoconite 
holes have the potential to be significant sources of C, N and P to downstream depauperate ecosystems 
of Taylor Valley, Antarctica? Arct. Antarct. Alp. Res. 2013;  45. 
Bagshaw, E. A., Tranter, M., Fountain, A. G., Welch, K. A., Basagic, H. and Lyons, W. B. Biogeochemical 
evolution of cryoconite holes on Canada Glacier, Taylor Valley, Antarctica. J. Geophys. Res.-Biogeosci. 
2007;  112: 8 DOI: G04s35 10.1029/2007jg000442. 
Bagshaw, E. A., Tranter, M., Wadham, J., Fountain, A. G., Dubnick, A. and Fitzsimons, S. Processes 
controlling carbon cycling in Antarctic glacier surface ecosystems. Geochemical Perspectives Letters 
2016;  2: 44-54 DOI: 10.7185/geochemlet.1605. 
Bagshaw, E. A., Tranter, M., Wadham, J. L., Fountain, A. G. and Basagic, H. Dynamic behaviour of 
supraglacial lakes on cold polar glaciers: Canada Glacier, McMurdo Dry Valleys, Antarctica. Journal of 
Glaciology 2010;  56: 366-368. 
Bagshaw, E. A., Tranter, M., Wadham, J. L., Fountain, A. G. and Mowlem, M. High-resolution monitoring 
reveals dissolved oxygen dynamics in an Antarctic cryoconite hole. Hydrol. Process. 2011a;  25: 2868-
2877 DOI: 10.1002/hyp.8049. 

 by guest on A
pril 19, 2016

http://fem
sec.oxfordjournals.org/

D
ow

nloaded from
 

http://femsec.oxfordjournals.org/


Bagshaw, E. A., Wadham, J. L., Mowlem, M., Tranter, M., Eveness, J., Fountain, A. G. and Telling, J. 
Determination of Dissolved Oxygen in the Cryosphere: A Comprehensive Laboratory and Field Evaluation 
of Fiber Optic Sensors. Environ. Sci. Technol. 2011b;  45: 700-705 DOI: 10.1021/es102571j. 
Cameron, K. A., Hodson, A. J. and Osborn, A. M. Structure and diversity of bacterial, eukaryotic and 
archaeal communities in glacial cryoconite holes from the Arctic and the Antarctic. FEMS Microbiol. Ecol. 
2012;  82: 254-267 DOI: 10.1111/j.1574-6941.2011.01277.x. 
Christner, B. C., Kvitko, B. H. and Reeve, J. N. Molecular identification of Bacteria and Eukarya inhabiting 
an Antarctic cryoconite hole. Extremophiles 2003;  7: 177-183. 
Cook, J., Edwards, A., Takeuchi, N. and Irvine-Fynn, T. Cryoconite: The dark biological secret of the 
cryosphere. Prog. Phys. Geogr. 2015;  DOI: 10.1177/0309133315616574. 
Dieser, M., Greenwood, M. and Foreman, C. M. Carotenoid Pigmentation in Antarctic Heterotrophic 
Bacteria as a Strategy to Withstand Environmental Stresses. Arct. Antarct. Alp. Res. 2010;  42: 396-405 
DOI: 10.1657/1938-4246-42.4.396. 
Foreman, C. M., Cory, R. M., Morris, C. E., SanClements, M. D., Smith, H. J., Lisle, J. T., Miller, P. L., Chin, 
Y. P. and McKnight, D. M. Microbial growth under humic-free conditions in a supraglacial stream system 
on the Cotton Glacier, Antarctica. Environmental Research Letters 2013;  8 DOI: 10.1088/1748-
9326/8/3/035022. 
Foreman, C. M., Wolf, C. F. and Priscu, J. C. Impact of episodic warming events on the physical, chemical 
and biological relationships of lakes in the McMurdo Dry Valleys, Antarctica. Aquatic Geochemistry 2004;  
10: 239-268. 
Fountain, A. G., Tranter, M., Nylen, T. H., Lewis, K. J. and Mueller, D. R. Evolution of cryoconite holes and 
their contribution to meltwater runoff from glaciers in the McMurdo Dry Valleys, Antarctica. Journal of 
Glaciology 2004;  50: 35-45. 
Fritsen, C. H. and Priscu, J. C. Seasonal change in the optical properties of the permanent ice cover on 
Lake Bonney, Antarctica: Consequences for lake productivity and phytoplankton dynamics. Limnol. 
Oceanogr. 1999;  44: 447-454. 
Hodson, A., Anesio, A. M., Tranter, M., Fountain, A., Osborn, M., Priscu, J., Laybourn-Parry, J. and Sattler, 
B. Glacial ecosystems. Ecological Monographs 2008;  78: 41-67. 
Hodson, A., Cameron, K., Boggild, C., Irvine-Fynn, T., Langford, H., Pearce, D. and Banwart, S. The 
structure, biological activity and biogeochemistry of cryoconite aggregates upon an Arctic valley glacier: 
Longyearbreen, Svalbard. Journal of Glaciology 2010;  56: 349-362. 
Hodson, A., Paterson, H., Westwood, K., Cameron, K. and Laybourn-Parry, J. A blue-ice ecosystem on the 
margin's of the East Antarctic ice sheet. Journal of Glaciology 2013;  59: 255-268 DOI: 
10.3189/2013JoG12J052. 
Hood, E., Fellman, J., Spencer, R. G. M., Hernes, P. J., Edwards, R., D'Amore, D. and Scott, D. Glaciers as a 
source of ancient and labile organic matter to the marine environment. Nature 2009;  462: 1044-U1100 
DOI: 10.1038/nature08580. 
Huner, N. P. A., Oquist, G. and Sarhan, F. Energy balance and acclimation to light and cold. Trends Plant 
Sci. 1998;  3: 224-230 DOI: 10.1016/s1360-1385(98)01248-5. 
Langford, H., Hodson, A., Banwart, S. and Boggild, C. The microstructure and biogeochemistry of Arctic 
cryoconite granules. Annals of Glaciology 2010;  51: 87-94. 
Langford, H. J., Irvine-Fynn, T. D. L., Edwards, A., Banwart, S. A. and Hodson, A. J. A spatial investigation 
of the environmental controls over cryoconite aggregation on Longyearbreen glacier, Svalbard. 
Biogeosciences 2014;  11: 5365-5380 DOI: 10.5194/bg-11-5365-2014. 
Lavaud, J. and Kroth, P. G. In Diatoms, the Transthylakoid Proton Gradient Regulates the 
Photoprotective Non-photochemical Fluorescence Quenching Beyond its Control on the Xanthophyll 
Cycle. Plant and Cell Physiology 2006;  47: 1010-1016 DOI: 10.1093/pcp/pcj058. 

 by guest on A
pril 19, 2016

http://fem
sec.oxfordjournals.org/

D
ow

nloaded from
 

http://femsec.oxfordjournals.org/


Lavaud, J., Rousseau, B. and Etienne, A. L. In diatoms, a transthylakoid proton gradient alone is not 
sufficient to induce a non-photochemical fluorescence quenching. FEBS Letters 2002;  523: 163-166 DOI: 
http://dx.doi.org/10.1016/S0014-5793(02)02979-4. 
Laybourn-Parry, J., Tranter, M. and Hodson, A. J. (2012). The Ecology of Snow and Ice Environments, 
Oxford University Press. 
Lizotte, M. P. and Priscu, J. C. Photosynthesis irradiance relationships in phytoplankton from the 
physically stable water column of a perennially ice-covered lake (Lake Bonney, Antarctica). J. Phycol. 
1992;  28: 179-185 DOI: 10.1111/j.0022-3646.1992.00179.x. 
Lutz, S., Anesio, A. M., Jorge Villar, S. E. and Benning, L. G. Variations of algal communities cause 
darkening of a Greenland glacier. FEMS Microbiol. Ecol. 2014;  89: 402-414 DOI: 10.1111/1574-
6941.12351. 
McKnight, D. M., Niyogi, D. K., Alger, A. S., Bomblies, A., Conovitz, P. A. and Tate, C. M. Dry valley 
streams in Antarctica: Ecosystems waiting for water. Bioscience 1999;  49: 985-995. 
Morgan-Kiss, R. M., Priscu, J. C., Pocock, T., Gudynaite-Savitch, L. and Huner, N. P. A. Adaptation and 
acclimation of photosynthetic microorganisms to permanently cold environments. Microbiology and 
Molecular Biology Reviews 2006;  70: 222-+ DOI: 10.1128/mmbr.70.1.222-252.2006. 
Nkem, J. N., Wall, D. H., Virginia, R. A., Barrett, J. E., Broos, E. J., Porazinska, D. L. and Adams, B. J. Wind 
dispersal of soil invertebrates in the McMurdo Dry valleys, Antarctica. Polar Biol. 2006;  29: 346-352. 
Porazinska, D. L., Fountain, A. G., Nylen, T. H., Tranter, M., Virginia, R. A. and Wall, D. H. The Biodiversity 
and biogeochemistry of cryoconite holes from McMurdo Dry Valley glaciers, Antarctica. Arct. Antarct. 
Alp. Res. 2004;  36: 84-91. 
Remias, D., Holzinger, A., Aigner, S. and Luetz, C. Ecophysiology and ultrastructure of Ancylonema 
nordenskioldii (Zygnematales, Streptophyta), causing brown ice on glaciers in Svalbard (high arctic). 
Polar Biol. 2012;  35: 899-908 DOI: 10.1007/s00300-011-1135-6. 
Segawa, T., Ishii, S., Ohte, N., Akiyoshi, A., Yamada, A., Maruyama, F., Li, Z., Hongoh, Y. and Takeuchi, N. 
The nitrogen cycle in cryoconites: naturally occurring nitrification-denitrification granules on a glacier. 
Environmental Microbiology 2014;  16: 3250-3262 DOI: 10.1111/1462-2920.12543. 
Singer, G. A., Fasching, C., Wilhelm, L., Niggemann, J., Steier, P., Dittmar, T. and Battin, T. J. 
Biogeochemically diverse organic matter in Alpine glaciers and its downstream fate. Nature Geoscience 
2012;  5 DOI: 10.1038/NGEO1581. 
Singh, P., Singh, S. M. and Dhakephalkar, P. Diversity, cold active enzymes and adaptation strategies of 
bacteria inhabiting glacier cryoconite holes of High Arctic. Extremophiles 2014;  18: 229-242 DOI: 
10.1007/s00792-013-0609-6. 
Stibal, M., Telling, J., Cook, J., Mak, K. M., Hodson, A. and Anesio, A. M. Environmental Controls on 
Microbial Abundance and Activity on the Greenland Ice Sheet: A Multivariate Analysis Approach. Microb. 
Ecol. 2012;  63: 74-84 DOI: 10.1007/s00248-011-9935-3. 
Stibal, M. and Tranter, M. Laboratory investigation of inorganic carbon uptake by cryoconite debris from 
Werenskioldbreen, Svalbard. J. Geophys. Res.-Biogeosci. 2007;  112: 9 DOI: 10.1029/2007jg000429. 
Stibal, M., Tranter, M., Telling, J. and Benning, L. G. Speciation, phase association and potential 
bioavailability of phosphorus on a Svalbard glacier. Biogeochemistry 2008;  90: 1-13 DOI: 
10.1007/s10533-008-9226-3. 
Takeuchi, N. Seasonal and altitudinal variations in snow algal communities on an Alaskan glacier 
(Gulkana glacier in the Alaska range). Environmental Research Letters 2013;  8: 035002. 
Telling, J., Anesio, A. M., Hawkings, J., Tranter, M., Wadham, J. L., Hodson, A. J., Irvine-Fynn, T. and 
Yallop, M. L. Measuring rates of gross photosynthesis and net community production in cryoconite 
holes: a comparison of field methods. Ann. Glaciol. 2010;  51: 153-162. 
Telling, J., Anesio, A. M., Tranter, M., Irvine-Fynn, T., Hodson, A., Butler, C. and Wadham, J. Nitrogen 
fixation on Arctic glaciers, Svalbard. J. Geophys. Res.-Biogeosci. 2011;  116 DOI: 10.1029/2010jg001632. 

 by guest on A
pril 19, 2016

http://fem
sec.oxfordjournals.org/

D
ow

nloaded from
 

http://femsec.oxfordjournals.org/


Ting, C. S. and Owens, T. G. Photochemical and Nonphotochemical Fluorescence Quenching Processes in 
the Diatom Phaeodactylum tricornutum. Plant Physiology 1993;  101: 1323-1330 DOI: 
10.1104/pp.101.4.1323. 
Tranter, M., Fountain, A. G., Fritsen, C. H., Lyons, W. B., Priscu, J. C., Statham, P. J. and Welch, K. A. 
Extreme hydrochemical conditions in natural microcosms entombed within Antarctic ice. Hydrol. 
Process. 2004;  18: 379-387. 
Warren, S. G., Brandt, R. E. and Grenfell, T. C. Visible and near-ultraviolet absorption spectrum of ice 
from transmission of solar radiation into snow. Applied Optics 2006;  45: 5320-5334. 
Yallop, M. L., Anesio, A. M., Perkins, R. G., Cook, J., Telling, J., Fagan, D., MacFarlane, J., Stibal, M., 
Barker, G., Bellas, C., Hodson, A., Tranter, M., Wadham, J. and Roberts, N. W. Photophysiology and 
albedo-changing potential of the ice algal community on the surface of the Greenland ice sheet. Isme J. 
2012;  6: 2302-2313 DOI: 10.1038/ismej.2012.107. 
Zawierucha, K., Kolicka, M., Takeuchi, N. and Kaczmarek, L. What animals can live in cryoconite holes? A 
faunal review. Journal of Zoology 2015;  295: 159-169 DOI: 10.1111/jzo.12195. 

  

 by guest on A
pril 19, 2016

http://fem
sec.oxfordjournals.org/

D
ow

nloaded from
 

http://femsec.oxfordjournals.org/


 

Figure 1: Location of Joyce Glacier, Garwood Valley, McMurdo Dry Valleys, Antarctica, where 

temperature, dissolved oxygen and electrical conductivity probes were installed in a cryolake in January 

2010. The map also shows where samples were collected for laboratory incubations from a cryoconite 

hole on Canada Glacier, Taylor Valley, Antarctica. 

  

 by guest on A
pril 19, 2016

http://fem
sec.oxfordjournals.org/

D
ow

nloaded from
 

http://femsec.oxfordjournals.org/


 

Figure 2: In situ measurements of water temperature, electrical conductivity, dissolved oxygen and PAR 

attenuation (the fraction of PAR reaching the probe) in a cryolake on Joyce Glacier in January 2010.  
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Figure 3: PAR attenuation (surface – subsurface) for ice lids of different thicknesses and with water 

depth on Joyce Glacier. Regression fit between ice thickness and PAR attenuation is PAR=22.9 hi
0.40, r2 = 

0.87, and water depth and PAR attenuation is PAR=12.9 hw
0.14, r2 = 0.44. 
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Figure 4: Comparison of PAR receipt at the ice surface of Canada Glacier (January, 2010) with that at the 

bottom of a 10cm deep, ice-lidded cryoconite hole. Smooth curves are indicative of clear skies. Note 

that peak PAR at the hole bottom lags that at the surface by 4.5 hours and minimum PAR at the bottom 

either coincides or lags the PAR at the surface.   
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Figure 5: Long term controlled laboratory incubations of cryolake debris from Joyce Glacier under 

varying light intensity. The incubation was illuminated by horticultural lighting (Envirolite) and kept in 

cold room, in a water bath maintained at 0.1°C. The time taken for the community to reach a state of 

net P (NEP>0) increased with decreasing light intensity. 
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Figure 6: Long term controlled laboratory incubation of cryoconite debris from Canada Glacier 

(Antarctic) and Leverett Glacier, Greenland (Arctic) at low (74 µmol m2 s-1) and high (275 µmol m2 s-1) 

light intensity. The incubation was illuminated by LED lighting (Dormgrow) and kept in cold room, in a 

water bath maintained at 5°C. Production was higher at low light intensity, and the Antarctic community 

reached a state of net P more rapidly. In the Arctic incubations, P and R remained broadly in balance 

under both light levels, although activity was higher at low light.  
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Figure 7: Maximum relative electron transport rate (rETRmax, a measure of photosynthetic efficiency) 

during Antarctic (A and C) and Arctic (B and D) cryoconite incubations moved between low (74 µmol m2 

s-1) and high (275 µmol m2 s-1) light conditions. All incubations were more efficient under low light. 
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