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Figure 1. Location of Joyce Glacier, Garwood Valley, McMurdo Dry Valleys, Antarctica, where temperature, DO and EC 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.

generated by the Envirolite rig was 60 μmol m2 s−1 under non-
shaded conditions, and 45, 25 and 15μmolm2 s−1 under the 25%,
50% and 75% shades, respectively. This compares with peak val-
ues of 1000 μmol m2 s−1 on the ice surface and 400 μmol m2 s−1

at the base of a cryoconite hole on Canada Glacier, and peaks
of 1200 and 660 μmol m2 s−1 above and below the ice lid of a
cryolake on Joyce Glacier.

DO measurements were conducted using a needle-type op-
tode (PreSensMicrox), which can penetrate bottle stopperswhile
maintaining a gas-tight seal. The needle probe was inserted
into the bottles daily for the first month of the experiment, and
thereafter every 7–14 days up to 145 days. Needles remained in
each bottle for 1 min during measurement. Measurements were
logged every 10 s using a Campbell Scientific CR1000 datalogger,
which recorded a phase shift of the LED beam proportional to
the in situ oxygen concentration (Bagshaw et al. 2011b). The oxy-
gen 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 shad-
ing). Reported error bars show the range of the readings around
this mean.

In order to investigate the processes occurring in greater de-
tail, a second incubation experiment was conducted using cry-
oconite samples from Canada Glacier, McMurdo Dry Valleys,
Antarctica (77.62◦ S, 162.95◦ E, Fig. 1) and Leverett Glacier, SW
Greenland (67.06 ◦N, 50.17 ◦W). Debris samples used were al-
ready in house at Cardiff University, UK, having been trans-
ported, 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 75μmolm2 s−1. DOmeasurementswere conducted in a sim-
ilar 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 cal-
culated 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
sulfide oxidation, since previous investigation has shown it is in-
significant compared with DIC generated by ecosystem produc-
tivity (Hodson et al. 2010). Sulfate 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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Figure 2. In situ measurements of water temperature, EC, DO and PAR attenuation (the fraction of PAR reaching the probe) in a cryolake on Joyce Glacier
in January 2010.

Fluorescence measurements of photophysiology

PAM fluorescence measurements were carried out in the lab-
oratory using a Water PAM with EDF fiber optic blue light
detector/emitter PAM (Walz, Effeltrich, Germany) with a blue
measuring light. Blue light was used, rather than the more com-
mon red light, since the dominant species in Antarctic cry-
oconite is cyanobacteria (Porazinska et al. 2004). Rapid light
photosynthesis-irradiance curves (RLCs) were constructed fol-
lowing the method of Perkins et al. (2006, 2010) using incremen-
tal light steps of 30 s duration and a saturating pulse of approx-
imately 8000 μmol m−2 s−1 PAR (400–700 nm) and pulse width
of 600 ms. Data were imported into R (R v.3.0.2; R Core Develop-
ment Team 2008) software and relative electron transport rate
(rETR) was calculated as Equation 3, where Fq′/Fm′ is the quan-
tum efficiency of PSII calculated by Equation 4, and where Fm′ is
the maximum fluorescence yield and F′ is the operational fluo-
rescence yield at each incremental light step of the RLC.

rETR = F ′
q/F

′
m × 0.5 × PAR (3)

F ′
q/F

′
m= (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 coef-
ficients a, b and c from the model. Parameters calculated were α

(light utilization coefficient), Ek (light saturation coefficient) and

rETRmax (maximum rETR). Downregulation 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 max-
imum 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 (Serôdio et al. 2005).

NPQ = Fmmax/F ′
m − 1 (5)

RESULTS

The ice thickness of the monitored cryolake ranged from 7 to
30 cm and the water depth from 2 to 28 cm during the exper-
iment. The probes remained frozen in place throughout, al-
though 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 situmea-
surements revealed a complex interplay between physical and
biogeochemical processes over the short measurement period
(Fig. 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 bottommelted the ice
above the sediment, releasing solute from the ice crystal matrix,
indicated by the spike in EC at DY 20 in Fig. 2. Oxygen concen-
trations rose from 90% to near 100% air saturation and declined
over the following 3 days. There was another peak in EC and

http://femsec.oxfordjournals.org/
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Figure 3. PAR attenuation (surface – subsurface) for ice lids of different thick-
nesses and with water depth on Joyce Glacier. Regression fit between ice thick-
ness 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.

Figure 4. Comparison of PAR receipt at the ice surface of Canada Glacier (January

2010) with that at the bottom of a 10 cm 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 h and minimum PAR at the bottom either coincides or
lags the PAR at the surface.

oxygen on DY 22, and on DY 26, and then oxygen concentrations
stabilized at c. 85% air saturation and EC at c. 38 μScm−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%
(Fig. 2). Experiments on a range of lakes with varying ice lid
thickness and water depth showed that the ice was responsi-
ble for the majority of the attenuation (Fig. 3). The water layer
attenuated approximately 20% of the surface PAR, regardless of
the depth, while the ice attenuation was strongly controlled by
the ice thickness (Fig. 3). Themean cryolake lid ice thicknesswas
16 cm (n = 28), which equates to an ice attenuation of 79%, and a
water attenuation of 20% (Fig. 3). In cryoconite holes on Canada
Glacier, up to 99% of incoming PAR did not reach the base (Fig. 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 23 January 2010, and 62%

thereafter. There was a slight lag between peaks at the ice sur-
face and hole base as a result of glacier sidewall shading: the
PAR at the ice surface was derived from an adjacent met sta-
tion, some 0.5 km 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 pri-
mary 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
(Fig. 5). Where light intensity was higher, the microbial commu-
nity 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 experi-
ments, respectively.

The experiment was repeated at higher light intensities of
74 and 275 μmol m2 s−1 (Fig. 6). These values were comparable
to the peak and minimum concentrations of PAR penetrating
to the base of an Antarctic cryoconite hole (Fig. 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 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 in-
cubation at 275μmol 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 in-
hibit photosynthetic activity of the phototrophs within the com-
munity, we repeated the experiment using cryoconite from
an Arctic glacier, Leverett Glacier, SW Greenland and under-
took PAM fluorometry measurements throughout the incuba-
tion. 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 ex-
posed to high light intensity over the whole summer.

The Arctic incubations behaved very differently compared
to the Antarctic experiments, in agreement with previous ob-
servations in the literature (Hodson et al. 2010; Bagshaw et al.
2011a). P and R were typically in balance throughout the exper-
iment at both light intensities (Fig. 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 (Fig. 7) indicated that both Antarc-
tic 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
(Fig. 7A and 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. 7C and D). Data for
the coefficient of light use efficiency (α) followed the same pat-
tern as rETRmax, with correlations of r = 0.76, 0.77, 0.87 and 0.85

http://femsec.oxfordjournals.org/
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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 horticul-
tural 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.

(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 exper-
iments, respectively. Values of α ranged between 0.04 and 0.11
relative units. The light saturation coefficient also followed the
samepatterns as for rETRmax and α, with values ranging between
460 and 660 μmol m−2 s−1 PAR.

Downregulation in the form of NPQ is a mechanism em-
ployed by photosynthetic organisms to protect against photo-
damage (Ting and Owens 1993). Increasing NPQ induction was
apparent as a function of increasing PAR across all light curves
of both Arctic and Antarctic samples, in both experiments, ei-
ther with transfer from high to low or low to high light. Im-
portantly, 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 photoinhibi-
tion/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 ± SE). This
demonstrated a greater induction of NPQ compared to Antarc-
tic 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 commu-
nities, 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 par-
tially shades the sediment layer; third, the ice cover may hydro-
logically isolate the hole from surface melt, closing the systems;
and fourth, themicrobial communitymay differ (Cameron, Hod-
son and Osborn 2012), with some samples including small an-
imals which could alter community respiration (Zawierucha
et al. 2015). These external controls are important in interpret-
ing ecosystem productivity. For example, freeze-thaw can sig-
nificantly affect biogeochemical conditions by forcing oxygen in
and out of solution and freeze-concentrating solutes in the wa-
ter (Bagshaw et al. 2011a). This can result in spikes in EC and DO
(Fig. 4) associated with physical environmental changes rather
than biological activity. Our in situmonitoring demonstrates the
importance of physical changes in controlling the biogeochem-
ical environment within cryoconite and cryolake ecosystems.
In order to understand the biological response to these physi-
cal changes, we use closed bottle incubations in the laboratory
where external physical conditions can be closely controlled.
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