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Abstract In spite of their dominance in meltwater
environments in the Polar Regions, little is known about
conditions that control community structure and production
in microbial mats. Microbial mats were sampled at 13
recently separated ponds on the McMurdo Ice Shelf,
Antarctica, with the aim to determine microbial mat com-
munity response to shifts in deterministic processes.
Community structure in ponds of different size classes
responded to different environmental variables, with con-
ductivity as a common theme. Biomass and net oxygen
exchange did not vary across the pond conditions and may
reflect the very slow turnover rates characteristic of
Antarctic microbial communities. Microbial mat commu-
nities on the MIS appear unresponsive to large intra-annual
variability, while the long-term inter-annual physiochemi-
cal environment of the overlying appears to be influencing
the community dynamics.

Keywords BIO-ENV analysis - Cyanobacteria -
Microbial mats - Antarctica - Physiochemical properties

Introduction

Benthic microbial mat communities dominated by cyano-
bacteria, and to a lesser extend diatoms, are widespread
throughout the meltwater environments, including lakes,
ponds and streams in the Arctic (Vincent et al. 2004;
Mueller et al. 2005) and Antarctic (Howard-Williams et al.
1989; Howard-Williams and Hawes 2007) regions. These
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communities dominate the total biomass and biological
productivity in these meltwater environments due to their
adaptation to the polar environment (Vincent 2000). In
Antarctica, one of the largest and most diverse networks of
meltwater ponds is on the McMurdo Ice Shelf (MIS),
where some 1,500 km of ponds and small lakes lay on the
undulating surface of the ice shelf, among widespread
patches and bands of marine and moraine debris (Howard-
Williams et al. 1990). These ponds represent a unique
environment with large variations in physical and chemical
conditions even though some of them are only several
meters apart (de Mora et al. 1991).

High salinities, which occur in many of these ponds,
originated from seawater inundation (de Mora et al. 1991),
marine aerosols (Campbell and Claridge 1987) or chemical
weathering of sedimentary material such as mirabilite and
thernadite (Wait et al. 2006). Major ion concentrations can
further increase as a result of freeze concentration, ice
ablation and/or summer evaporation (Schmidt et al. 1991;
Hawes et al. 1992). Seasonal variation in size, salinity and
hydrochemistry therefore occurs as a consequence of freeze
thaw cycles (Howard-Williams and Hawes 2007) but inter-
annual variability is low in long-established ponds (Hawes
et al. 1993). Chemical and thermal stratification are not an
uncommon consequence of freeze thaw cycles in the
smaller meltwater ponds, as brines, excluded during freez-
ing, remain in the lower layer of the pond (e.g. Schmidt
et al. 1991; Webster et al. 1994; Howard-Williams and
Hawes 2007), although several of the larger and deeper
ponds (>3 m deep) with conductivities nearing freshwater
and have permanent ice cover do not appear to form
chemical or thermal stratifications (author own data). It is
likely that these larger ponds do not undergo such physio-
chemical extremes, particularly in the deeper communities,
as those experienced in the smaller ponds.
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Ponds, both large and small, rely on melting snow and
ice to replenish water lost through evaporation and ablation
ponds. Smaller ponds may desiccate and refill on decadal
scales (Howard-Williams and Hawes 2007). In addition to
this, ponds can quickly drain away as a result of ice dams
cracking or melting out. Often, in the case of larger ponds,
a series of small ponds form in the undulating basin of the
drained pond lined with microbial mats from the former
pond. The remaining pools of water are then subjected to
freeze thaw cycles that leads to more extreme fluctuations
in the physiochemical environment for the microbial mats
than previously experienced in the original pond.

As a consequence of the dynamics seen in the smaller
meltwater ponds, the benthic microbial mat communities
must endure multiple stressors and possess a wide eco-
logical tolerance. Microbial mats at the bottom of the
smaller ponds must tolerate the chemical extremes imposed
on them in winter and, for some, throughout most of the
summer period when stratification remains (Wait et al.
2006). However, in the larger low conductivity ponds,
microbial mats are buffered against such physiochemical
extremes. Microbial mats near the surface margins of the
ponds undergo constant freeze-drying (winter) and rew-
etting (summer) cycles (Hawes et al. 1992).

To date, there are limited studies on the community
structure and biomass in relation to physiochemical condi-
tions on the MIS. Microbial communities in long-established
ponds are relatively consistent in their morphological
diversity over longer time periods (Howard-Williams et al.
1990), and cyanobacterial diversity within these communi-
ties appears to be determined by conductivity (Broady and
Kibblewhite 1991; Hitzfeld et al. 2000; Nadeau et al. 2001;

Jungblut et al. 2005). However, the response of microbial
communities from large less extreme ponds to the more
extreme physiochemical environment of smaller ponds,
when formed through draining, is unknown. This study was
conducted to assess the changes in microbial communities in
response to recent changes in the pond physiochemical
environment as a result of smaller ponds forming from a
drained large pond.

Methods
Study site

Ponds investigated in this study were located southwest of
the Bratina Island Research Station (165°34.205'W,
78°00.885'S; Fig. 1) and were formed as a result of a large
pond draining out through a crack in the ice dam approx-
imately two seasons prior. Observations made on a similar
neighbouring pond showed that pond shifting from a large
pond with low conductivity throughout the water column to
smaller pond with increased conductivity in the course of
13 months. The original pond had a surface area of
approximately 6,712 m? with maximum and mean depths
of ~10 and ~ 8 m, respectively. Desiccated microbial mat
remains line the dried parts of the basin and along the walls
of the drained pond suggesting that it was once lined with
microbial mats throughout. Conductivity and temperature
profiles and nutrient analyses of similar sized ponds in the
vicinity suggest that the original pond was low in con-
ductivity and moderately low in nutrients with no
stratification in the lower depths (author own data,

Fig. 1 Map showing location
of study site on the McMurdo
Ice Shelf and schematic diagram
of the 13 new ponds formed in
the basin of the original pond,
following draining
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unpublished). A series of 13 ponds were formed in the
depressions on the undulating basin floor (Fig. 1). Water
levels of these ponds were all at the same elevation relative
to each other. This suggests that the microbial communities
at the edge of the ponds had experienced similar seasonal
physiochemical fluctuations when part of the parent pond.
They are, therefore, most likely to have been at the same
developmental/compositional stage.

Environmental variables

Field sampling was undertaken in December 2006 when all
ponds were fully open water. Conductivity, pH and tem-
perature measurements were taken near the surface of
microbial mats being sampled, using a TPS portable con-
ductivity-temperature meter. Surface water samples were
collected in acid-washed nalgene bottles and returned to
the base camp and filtered within a few hours of collecting.
Water was sub-sampled and filtered, where appropriate, for
subsequent analysis of nutrients, dissolved organic carbon
(DOC), and major anions and cations. Samples were kept
cool in dark boxes in the ice for periods of up to 1 week
before being returned to base where they were deep frozen
and transported back to New Zealand. Nitrate (NO3;—N),
ammonium (NH4—N), dissolved reactive phosphate (DRP),
total dissolved nitrogen (TDN) and total dissolved phos-
phorus (TDP) were determined on a Lachat Quikchem
FIA+8000 series Flow injection Analyser, after UV irra-
diation in alkaline or acidic conditions, respectively
(Downes 2001). Major ions (Na, K, Ca, Mg, Cl, SO,4) and
DOC were analysed according to standardised methods
described in APHA (1998).

Microbial mats

Benthic microbial mats were collected approximately
20 cm from the pond edge at a water depth of approx-
imately 30 cm. Samples were taken with a 2.26 cm?®
corer from areas of the mats with homeogenous colour,
texture and thickness and were considered representative
of the pond. Five sites spaced around each pond were
sampled and six replicate cores collected at each site.
Cores were carefully separated from the underlying
sediment layer, transferred into opaque containers and
returned to a darkened near-by field laboratory for
further processing.

Oxygen exchange

Net photosynthesis was determined by measuring the
difference between the rate of evolution and consumption
of oxygen. This was determined for 7 of the 13 ponds,
across the conductivity range. Microbial mat samples

were kept in the cool and dark for 2 h prior to the
experiment. Incubations were carried out with two cores
of mat per bottle, placed into 30-ml glass serum bottle
filled to capacity with unfiltered pond water and sealed
with a rubber bung, ensuring air bubbles were eliminated.
One bottle from each site was assigned either light or
dark treatment (five replicates per pond). Dark treatment
bottles were then wrapped in aluminium foil, to eliminate
light, and all bottles were placed 20 cm below water
surface in a pond (water temperature 1.5°C) and incu-
bated for 4 h under ambient light conditions. Serum
bottles containing only unfiltered pond water were incu-
bated as controls. At the end of the incubation, serum
bottles were shaken to disperse any oxygen gradients, and
oxygen concentrations of the water were determined using
a Clark-type O, microelectrode with an outside tip
diameter of 50 pm, with a 90% response time of 1 s
(Unisense), attached to a picoammeter (Diamond General).
Net exchange in oxygen concentration was calculated
as pg O, evolved cm > h™' by subtracting the dark
bottle concentrations from those in the light, correcting for
the controls. The microbial mat cores were retained for
further analyses (see below).

Biomass

On return to New Zealand the microbial mat cores from
the oxygen exchange study were freeze-dried and ground
to a fine powder. Aliquots from each replicate were taken
for analysis of total organic matter and chlorophyll a.
Aliquots for total organic matter were weighed then
combusted at 450°C for 4 h, cooled in a desiccator and
organic matter estimated as loss of mass on ignition.
Chlorophyll a samples were extracted in 90% acetone at
4°C, in the dark, for 24 h. Samples were then centrifuged
at 3,000 rpm for 10 min and the absorbance of the
supernatant read on a Shimadzu UV-2550 spectropho-
tometer before and after acidification (Marker et al.
1980). Chlorophyll a concentrations were estimated using
calibration standards prepared with purified Chlorophyll a
(Sigma chemicals).

Community composition

Two cores from each site within a pond were kept fresh,
stored in the cool and dark and returned to New Zealand
were each was used for identification. The cores were
drawn through a syringe with distilled water to disperse the
mat material and form a homogenous sample. Subsamples
of the fresh material were viewed at 1,000 x magnification,
under oil immersion, on a Leica DMLB microscope. For
diatom analysis only valves containing intact chloroplasts
were included in the relative abundance counts. Taxa were
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counted until 300 valves were enumerated. Subsamples
were then cleaned of organic content by oxidation in H,O,
and H,SO4 (Barber and Haworth 1981) and settled onto
cover glasses, mounted in naphrax mounting medium and
used for taxonomic identification. Taxonomic identifica-
tions of the diatoms were primarily based on Krammer and
Lange-Bertalot (1991, 1997a, b, 2000), and more specia-
lised literature including Cremer et al. (2004), Kellogg and
Kellogg (2002), Sabbe et al. (2003), Spaulding et al. (1997,
1999, 2008). While cyanobacteria comprised the majority
of the mats, counting trichomes for abundance was not
feasible. Instead, relative percent abundance (biovolume),
based on observations of 20 fields of view, was used for
cyanobacteria estimates. Cyanobacteria taxonomy was
based primarily on Komarek and Anagnostidis (2005), and
more specialised literature including Broady and Kibblewhite
(1991), Komarek (2007) and Komarek et al. (2008).

Statistical and numerical analyses

Square-root transformations were performed on species
relative abundance data in order to down-weigh the effects
of dominant taxa (Laing and Smol 2000). All environ-
mental variables, except pH, Ca, Mg, K, SO,4, DRP, and
TDP, had skewed distributions and were log transformed
for further analyses. To test for correlations between
environmental variables, a Pearson correlation matrix
with Bonferroni-adjusted probabilities was performed
(SYSTAT, v. 10). The following variables were excluded
from further analysis: Mg, Na, K and Cl (correlated with
conductivity).

Preliminary differences among diatom and cyanobacte-
rial communities were assessed using Analysis of similarity
(ANOSIM). Relationships between the algal communities
and environmental variables were explored using the BIO-
ENV procedure (Clarke and Warwick 2001). BIO-ENV
was considered to be suitable for exploring the present
dataset because of the small number of samples from a
restricted area. BIO-ENV compares a similarity matrix of
the biotic data with a similarity matrix of all combinations
of associated environmental variables and computes a
Spearman rank correlation coefficient (ps) for each com-
bination (Clarke and Ainsworth 1993). Non-metric multi-
dimensional scales (NMDS) plots were used to visualise
the closest correlations with the biotic data. ANOSIM,
BIO-ENV and NMDS analyses were carried out in PRI-
MER, v. 6.

Biomass and oxygenic photosynthesis data were exam-
ined using linear and non-linear regression analysis and
Analysis of Variance (ANOVA). ANOVA was followed by
posthoc analysis (Tukey’s HSD test) to establish significant
differences (STATISTICA v. 8).

@ Springer

Results
Environmental variables

Ponds varied along a number of physiochemical proper-
ties, with approximate size ranging from 1.2 to 660 m?.
The size of pond was not correlated to any other phys-
iochemical gradient. Conductivity ranged from 2.78 to
22.26 mS cm™ ', while pH ranged from neutral to bio-
logically high alkaline (7.4-10.5). Total dissolved
nitrogen ranged from 1,970 to 17,150 mg m73, while total
dissolved phosphorus ranged from 107 to 716 mg m .
The inorganic fraction of these major nutrients ranged
from 34 to 1,975 mg m~> for nitrogen (NH; + NO;) and
from 19 to 203 mg m > for phosphorus (DRP). For most
ponds Na and SO, were the dominant major ions
(Table 1).

Oxygen exchange

Mean net oxygen exchange ranged from 0 to
43 ug em > h™'. ANOVA showed that the highest con-
ductivity pond (pond 13) was significantly lower than all
other ponds (P < 0.001), while pond 2 was lower than
pond 12 (Fig. 2). There was a general tread of increasing
oxygen with increasing conductivity, with the exception
of Pond 13. Logarithmic regression analysis between the
measured environmental variables and net oxygen
exchange found highly significant relationships for a
number of variables. Oxygen exchange per unit chloro-
phyll was positively correlated with In SO, and negatively
correlated with In DOC, In NH,, In TDN and In TDP,
although correlations with In TDN and In DOC were
driven primarily by the outlier pond 13 (P < 0.001;
Fig. 3).

Biomass

Chlorophyll a values measured in the ponds ranged from
14.8 to 56.6 pg m > (Table 2). ANOVA revealed that
pond nine was significantly higher than ponds three and
one (P < 0.001). Chlorophyll a was not correlated to any
of the physiochemical properties. Assimilation rates (net
oxygen produced per unit chlorophyll a) ranged from 0.1 to
3.7 ug O, (ug chla) ™' h™'. The assimilation rates in pond
13 were significantly lower than the other ponds (ANOVA
P < 0.005). Organic matter ranged from 11.7 to
23.5 mg cm~ > (Table 2). There were no significant dif-
ferences between ponds and no correlation with any
physiochemical property but there was a significant posi-
tive correlation of organic matter with chlorophyll a
(R* = 0.528; P < 0.001).
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Table 1 List of environmental variables measured in each of the 13 ponds in this study

Na* K+ Cl™ SO~ DRP NH4-N NO3-N  TDN TDP

Mg*

DOC Ca*

Temp. pH Cond.

Mean

Pond Surface

-3

mSem™) (gm™?) (gm ) @gm?) @m?) @m?) @m?) @m? mgm?) mgmP) (mgm) (mgm?) (mgm?)

-3

area (m‘z) depth (m) (°C)

276.5
272

2,135
3,330

7

375

163.5
102

1,290
1,560
2,780

173
237
393
656
497
512
515
760
639

16.1

700

894
1,380
1,590
1,950
1,860
1,700
2,200
2,100
2,310

11.2
16.4

27.9

19.0

2.78

4.17

5.57

5.73

7.12

7.57

7.66

7.85

8.02

9.66

9.0 10.35
10.0 10.53

52 10.1
9.6 22.26

55

0.24
0.7

30.5

35
1,735

90.5
240

21.2

29.8
125

30.2

10.5

20.9

141.5

4,175
2,210

46

242 414 26.4
30

7.4

0.6
0.5

5.8
12.4

225.5

133.5 10.5 278.5
23

2,760

59.8 374

18.6

9.1

4.8

112.5
107
405
141
231

1,970
2,400

32
2
3
2

9.5
26.5
3

3,740
3,540
3,100
4,300
4,160
4,350

35.7

88.2 40.4

20.5

8.4

32
5.1

0.7

76.2

19

35.6

34.4

54.4

253

9.7

0.7

98.0

3,870
2,200
3,835

1.5

203.5

37.1 35.7
46.4
44.1

42.8

44.7

10.4

5.5
33
5.1

0.7

24.5

38

51.5

53.3

71.9
73

28.4

10.1

0.6
0.6
0.6
0.6
0.2
0.1

70.3

52.5 4.5

63

51.1

42.8

10.4

47.3
660.0

3,155 139

6,760

4.5

335
61

20.5

49

814
560
711
2,550

46.5

65.7 60

86

10.0 30.9

4.5

10

11

404.5

2.5
3

742
4,920

44.7

47
113

2,610

89.4

82.2

11.2

1.2
233.6

133.5
716.5

2,870
17,150

38
144

25.5

2,390
5,640

86.7 56.3
353

111

274

4.4
8.6

12
13

5.5

66

1,200

140

43

60

BC

50 A BC
BC

40 A BC

30 1 B

20 -

10 A

Net oxygen exchange (ug.cm'2 h'1)

1 2 5 6 10 12 13

Fig. 2 Net oxygen exchange measured in seven ponds across a
conductivity gradient. Significant differences (P < 0.001) between
ponds are indicated on the graph. Letters above the bars indicate
similarity with other ponds

Community composition

The microbial mats from all ponds were dominated by
filamentous cyanobacteria of the order Oscillatoriales,
while diatoms comprised only 10-15% of the community,
as determined by relative percent biovolume. A total of 17
cyanobacteria and 19 diatom species were identified over
the 13 ponds. Occurrence of species in each pond is shown
in Table 3. Total species richness in individual ponds
ranged from 19 to 25, with the greatest diversity from
diatoms (range 11-17) in all ponds. All species have been
previously reported in the Ross Sea sector of Antarctica.

Diatom species composition did not vary greatly
between ponds, with at least 60% of diatom species com-
mon to all ponds (Fig. 4). No correlation was found
between diatom composition and any of the environmental
variables measured. In contrast, cyanobacterial communi-
ties varied greatly between ponds, with most ponds at least
50% dissimilar to each other (Fig. 5). BIO-ENV analysis
for cyanobacterial communities in all ponds and environ-
mental variables produced a poor correlation of p; = 0.184
for a combination of conductivity and dissolved inorganic
nitrate (DIN = NH4—N + NO3;-N).

When ponds were separated into three size classes there
were stronger correlations with environmental variables.
Ponds were divided into three size classes, size class A
were ponds <15 m? (n = 4), size class B were ponds
between 15 and 70 m™> (n = 4) and size class C were
ponds >70 m~? (n = 5). Cyanobacterial communities in
ponds of the largest of the size class (C) were best corre-
lated with conductivity (ps = 0.722). For ponds of size
class B, the best correlation was found with a combination
of conductivity and NO;-N (p, = 0.657), while the
smallest of the ponds (size class A) were best correlated
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Fig. 3 Relationships between net oxygen exchange and Log-transformed dissolved organic carbon (DOC), sulphate (SO4), ammonia (NHy),
total dissolved nitrogen (TDN) and total dissolved phosphorus (TDP). For all graphs regression ANOVA were significant at P < 0.001

Table 2 Biomass, as determined by chlorophyll a and organic matter
of microbial mats from the 13 ponds

Pond  Chlorophyll a (ug cm™?) Organic matter (mg cm™?)
Mean SE Mean SE
1 14.85 3.59 13.35 4.13
2 29.50 4.17 20.51 2.54
3 16.04 3.52 23.46 6.92
4 21.72 7.44 10.63 1.29
5 24.83 291 16.82 1.34
6 23.41 5.10 17.22 2.28
7 16.66 7.49 11.66 2.58
8 26.01 14.42 12.75 4.54
9 56.59 2.53 20.18 2.79
10 39.92 15.68 15.48 1.86
11 29.36 11.72 15.40 2.61
12 23.96 7.16 14.18 2.46
13 23.02 5.46 17.26 2.18

with DOC (ps = 0.794). There were no relationships
between diatom communities and environmental variables
when compared based on pond size.

Phormidium autumale ((Adardh) Trevisan ex Gomont)
was the most variable among cyanobacteria species
(0-83%), while Craspedostauros laevissima (West &
West) Sabbe in Sabbe) was the most variable among the
diatoms (2-84%). While there were significant differences
between ponds for seven cyanobacteria and four diatom
species (with relative abundance >5%) there were no strong

@ Springer

correlations with any of the environmental variables for any
of the species. The highest relationships were found between
Pseudoanabaena frigida and NOs-N (p, = 0.513), Nodu-
laria cf harveyana and DIN (ps = 0.481) Phormidium
pseudopristleyi and TDN (ps = 0.479), and Leptolyngbya
fritschiana and DRP (p, = 0.467).

Evaporative changes

Evaporative concentration changes in conductivity were
predicted for volumetric changes in the ponds based on a
15 cm decrease in water level as a result of evaporation
over the summer period (see Hawes et al. 1993 for details).
Final concentrations (Cy) were calculated by

Cf:CiXVi/Vf (1)

where C; is the initial concentration, and V; and V; are the
initial and final volumes, respectively. Predicted conduc-
tivities at the point of sampling are shown in Table 4.
BIO-ENYV analysis on all ponds produced a moderate rank
correlation between the cyanobacterial community and the
predicted changes in conductivity of ps = 0.449 for a
combination of conductivity and DIN.

Discussion

Biomass, as determined by spectrophotometric chlorophyll
a and by organic matter, as well as photosynthesis, as
measured by net oxygen exchange, did not vary
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Table 3 Species composition and relative abundance of diatom and cyanobacteria communities in each of the 13 ponds

1 2 3 4 5 6 7 8 9 10 12 13

Diatoms

Achnanthes taylorensis Kellogg & Kellogg

Craspedostauros laevissima (West & West) Sabbe in Sabbe
Craticula molestiformis (Hustedt) Lang-Bretalot

Diadesmis contenta (Grunow) DG. Round

Hantzschia abundans Lange-Bertalot

Hantzschia amphioxys (Ehrenberg) Grunow

Luticola gaussii (Heiden) DG. Mann

Luticola murrayi (West & West) DG Mann

Luticola muticopsis fo. capitata

Luticola muticopsis fo. reducta (West & West) Spaulding
Muelleria peraustralis (West & West) Spaulding & Stoermer
Navicula cincta (Ehrenberg) Ralfs

Navicula contenta var parallela Petersen

Navicula shackletoni West & West

Nitzschia sp

Nitzschia westii Kellogg & Kellogg

Pinnularia cymatopleura West & West

Psammothidium stauroneioides (Manguin) Bukhtiyarova & Round
Stauoneis latistauros Ehrenberg 1841

Cyanobacteria

Geitlerinema deflexum (W. et G.S. West) Anagnostidis
Leptolyngbya angustissima (W. et G.S. West) Anagnostidis et Komarek
Leptolyngbya erebi (W. et G.S. West) Anagnostidis et Komarek
Leptolyngbya fragilis (Gomont) Anagnostidis et Komarek
Leptolyngbya fritschiana Komarek

Leptolyngbya vincentii Komarek

Nodularia cf. harveyana Thuret

Oscillatoria fracta Carlson

Oscillatoria koettlitzii Fritsch

Oscillatoria sancta Kiitzing ex Gomont

Oscillatoria subproboscidea W. et G.S. West

Phormidium autumale (Agardh) Trevisan ex Gomont
Phormidium murrayi (W. et G.S. West) Anagnostidis et Komarek
Phormidium pseudopristleyi Anagnostidis et Komarek
Phormidium subfuscum Kiitzing ex Gomont

Pseudoanabaena frigida (Fritsch) Anagnostidis

Pseudoanabaena mucicola (Naumannet Huber-Pestalozzi) Bourrelly
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significantly along the gradient of environmental variables
in this study, with the exception of pond 13 where oxygen
exchange was negative. Studies of microbial mats in other
aquatic systems have shown enhancement of primary pro-
duction when osmotic stress is released (Bebout 1992;
Pinckney et al. 1995). As this was not evident in the current
study, it is likely that the microbial communities within the
study ponds were able to overcome osmotic stress without

compromising photosynthesis (determined as oxygen
exchange). The exception was pond 13 but while it had the
highest conductivity it was still well within the conductivity
range where measureable productivity has been detected in
ponds on the MIS (Howard-Williams et al. 1989). Another
plausible explanation is that the measurements of biomass
are not sensitive enough to moderately short-term changes
in biomass (e.g. <3 years). While there is no published data
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2D Stress: 0.1

Fig. 4 Non-metric multidimensional scaling (NMDS) plots of
square-root transformed diatom community data from each of the
13 ponds showing 60% (solid line) and 80% (dashed line) similarity.
A stress value of 0.1 indicates a good representation of the 13 ponds
in two dimensions

O ©
© @
o () s

Fig. 5 Non-metric multidimensional scaling (NMDS) plots of
square-root transformed cyanobacterial community data from each
of the 13 ponds showing 50% similarity (solid line). A stress value of
0.14 indicates a good representation of the 13 ponds in two
dimensions

on biomass accrual rates over time on the MIS, measured
growth rates (as determined by assimilation rates) are low
with respiration/photosynthesis ratio in mature shallow-
water communities close to zero throughout much of the
growth season (Vincent 2000; Quesada et al. 2008). Mea-
sureable biomass changes to in response to a changed
physiochemical environment may occur over decades.

Differences between cyanobacterial communities and
the physiochemical environment were not evident across
the entire range of ponds. However, strong correlations
were evident when ponds were classified by size, with
different size classes responding to different environmental
variables.

@ Springer

Table 4 Predicted changes in conductivity with volumetric changes
in ponds as surface water evaporates throughout the summer season

Pond Conductivity Predicted conductivity
at time of study after a 15 cm drop
(mS cm™) in water level (mS cm™")

1 2.8 3.7

2 4.2 5.6

3 5.6 -

4 5.7 8.2

5 7.1 9.1

6 7.6 10.1

7 7.7 9.7

8 7.9 10.5

9 8.0 10.2

10 9.7 12.9

11 10.4 -

12 10.5 134

13 223 -

In the case of the smallest ponds (size class A), evap-
orative losses throughout the summer season would result
in either the formation of a hypersaline waters or lead to
complete desiccation. In this study, based on published
evaporative losses from MIS ponds (see Hawes et al.
1992), three out four of the smallest ponds would have
completely dried out by the end of summer, assuming no
significant snow drift blown in during this period. Species
diversity in these ponds was shown to be responsive to
changes in DOC but this may in fact be an artefact of stress
response during periods of desiccation. Increased damage
to the microbial communities would likely occur during
desiccation resulting in increased DOC released from the
microbes.

Conductivity was the main determining factor for the
overall community structure in large ponds, and together
with NO3;—N in medium ponds. Improvements in relation-
ships between community structure and both conductivity
and DIN across all ponds were greatly improved under
predictions of decreased summer water levels. This was
mainly driven by the loss of the smaller ponds and an
increase in the range and spread of conductivities among
the remaining ponds. Conductivity and light intensity have
been shown to play a role in the community composition in
microbial mats in Antarctica (Jungblut et al. 2005; Taton
et al. 2006). In this study, ponds with a greater relationship
with conductivity may indicate communities that are
coming into equilibrium with their physiochemical envi-
ronment faster than ponds undergoing more extreme
regimes.

Physiochemical predictors of individual cyanobacteria
species were more variable than for whole communities,
although changes in nitrogen and phosphorus appear to be
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an over-riding theme. While detailed morphological anal-
ysis was used to distinguish cyanobacteria species, plastic
phenotypes responding to changes in the physiochemical
environment may have limited the information on the
community changes to some degree. Uses of molecular
analysis would both aide and compliment this study.

As mentioned earlier, microbial mats in the bottom
waters in small ponds on the MIS must endure multiple
stressors resulting from the strong physiochemical gradi-
ents imposed through stratification. The microbial mat
consortia may play a role in protecting those species more
sensitive to these extremes through organisation of the
community. Most microbial mats on the MIS are stratified
with an oxygen maximum in the deep chlorophyll range in
the subsurface layers (Howard-Williams et al. 1989; Hawes
et al. 1993). Different species are organised in different
layers throughout the microbial mat (de los Rios et al.
2004) and this may serve as a mechanism of avoidance by
sensitive species. Communities may be able to maintain
their level of biodiversity within a certain range of phys-
iochemical variables by means of species stratification.
Ranges for individual species would ultimately determine
the level of biodiversity across fluctuating ponds thus
leading to the differences seen in long-established ponds
(Jungblut et al. 2005; Taton et al. 2006, author’s unpub-
lished data).

In this study, the diatoms constituted only a small pro-
portion of the entire community and did not correlated to
any environmental variable measured. Diatom sensitivity
to small scale changes in environmental variables, such as
pH (Battarbee et al. 1999), conductivity (Fritz et al. 1999)
and DOC (Fallu et al. 2000) is well documented and robust
prediction models have been produced as a result. How-
ever, such responses were not clear in this study as intra-
pond variability exceeded inter-pond variability. A possible
explanation for this is that the distribution of diatoms was
patchy throughout the mat samples and such patchiness did
not truly reflect the diatom community as a whole.

While microbial mat communities are, in part, influ-
enced by the physiochemical environment of the water
column, it is apparent that microbial mat communities are
capable of withstanding large intra-annual variability,
while the long-term inter-annual water column properties
appear to be one of the main influencing drivers in the
community dynamics. Development of community models,
in long-established ponds, across a broad range of envi-
ronmental variables is essential to better understand
evolutional and functional dynamics and how these com-
munities will ultimately respond to large-scale, long-term
changes.
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