
Chapter 4
Complex Structure but Simple Function
in Microbial Mats from Antarctic Lakes

Ian Hawes, Dawn Sumner, and Anne D. Jungblut

Abstract Microbial mats growing under the permanent ice cover of Antarctic lakes
occupy an exceptionally low-disturbance regime. Constant temperature, the absence
of bioturbation or physical disturbance from wind action or ice formation allow mats
to accumulate, as annual growth layers, over many decades or even centuries. In so
doing they often assume decimetre scale, three-dimensional morphologies such as
elaborate pinnacle structures and conical mounds. Here we combine existing and
new information to describe microbial structures in three Antarctic lakes—simple
prostrate mats in Lake Hoare, emergent cones in Lake Untersee and elaborate
pinnacles in Lake Vanda. We attempt to determine whether structures emerge simply
from uncoordinated organism-environment interactions or whether they represent an
example of “emergent complexity”, within which some degree of self-organisation
occurs to confer a holistic functional advantage to component organisms. While
some holistic advantages were evident from the structures—the increase in surface
area allows greater biomass and overall productivity and nutrient exchange with
overlying water—the structures could also be understood in terms of potential
interactions between individuals, their orientation and their environment. The data
lack strong evidence of coordinated behaviour directed towards holistic advantages
to the structure, though hints of coordinated behaviour are present as non-random
distributions of structural elements. The great size of microbial structures in Antarc-
tic lakes, and their relatively simple community composition, makes them excellent
models for more focused research on microbial cooperation.
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4.1 Introduction

Photosynthetic microbial mats (biofilms) frequently show consistent physical pat-
terns that hint at organisation. At one level, organisation is exemplified by metabolic
zonation, which typically occurs on mm length scales (Franks and Stolz 2009). Such
zonation results in organisms capable of oxygenic photosynthesis concentrated at the
top of a mat, where light is most abundant, while deeper in the mats, lower irradiance
and depleted oxygen enable the growth of organisms capable of a cascade of
anaerobic metabolisms (Kühl and Fenchel 2000). Layering is often visible as colour
changes, with an orange surface from abundant light-protective carotenoid pigments,
transitioning to green light-harvesting phycobilin and chlorophyll pigments and pink
layers corresponding to photosynthetic sulphur bacteria in anoxic zones. There are
many examples of this metabolic “organisation” in the literature, and the close
proximity of interacting metabolisms allows diffusion to be an effective coupling
mechanism that provides key advantages to this mat structure (Seckbach and Oren
2010; Nadell et al. 2016). Viewed as an integrated unit, the microbial mat shows
elegant metabolic coupling, facilitated by a one-dimensional, organised structure
that allows a more efficient utilisation of resources than any one organism could do
alone (Paerl and Pinckney 1996; Stahl 1995; Franks and Stolz 2009). Indeed, some
argue that the organised complexity and physiological cooperativity of a microbial
mat is analogous to that of eukaryotic tissues (Webb et al. 2003; Guerrero and
Berlanga 2007; Stahl et al. 2018).

When microbial mat communities grow in low-disturbance environments, a
higher level of organisation can occur, whereby elaborate three-dimensional struc-
tures emerge on scales much larger than those of either component organisms or
metabolic zonation (Bosak et al. 2013). Such emergent structures are most fre-
quently described from environments where conditions preclude metazoa large
enough to physically disrupt developing microbial communities (Fenchel 1998).
The most frequently described emergent microbial structures are from quiescent
geothermal or hypersaline waters, where physical disruption is minimal and insects
and other invertebrates are temperature- or salinity-excluded (Des Marais 1995;
Oren 2010). There, a variety of macroscopic mat forms occur, overlain on metabolic
zonation, which in quiescent locations often take the “ridge-pinnacle” form of
regular-spaced cones of cm-scale size and spacing, connected by narrow ridges
(Walter et al. 1976).

Microbial mats thus show emergent organisation on at least two levels: a three-
dimensional arrangement of organisms within the mat that appears to produce an
efficient metabolic unit and a three-dimensional organisation of the mat matrix to
form spatially complex structures. In modern concepts of emergent organisation
(Halley and Winkler 2008), the former would be termed a simple emergence,
computable through a reductionist understanding of organism-environment interac-
tions and close to an (dynamic) equilibrium (Corning 2002; de Wolf and Holvoet
2005). Whether the three-dimensional organisation is an example of complex emer-
gence, within which some degree of self-organisation occurs to convey a holistic
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functional advantage, or whether it too is driven by simple organism-environment
responses is not clear. At small scales, there is accumulating evidence for holistic,
coordinated behaviour in biofilms (Stahl et al. 2018), perhaps controlled by cell to
cell signalling and “programmed death” that would allow a mechanism for complex
emergence of structure, though to date we are aware of no definitive examples from
nature where coordinated behaviour for holistic benefit is shown (Battin et al. 2007).
One of the few recent studies to suggest a holistic function for macroscale ridge-
pinnacle structure suggests that a mechanism exists to space pinnacles to optimise
overall access to water column resources by minimising inter-pinnacle competition
(Petroff et al. 2010). This degree of self-organisation requires information transfer
amongst pinnacles to achieve the overall optimum condition, which the authors
propose via resource depletion “shells” around structures. Other authors argue
for mechanisms of complex structure emergence that require much less self-
organisation, suggesting that cones initiate as surface irregularities that are conse-
quences of un-oriented movement (Shepard and Sumner 2010) that then propagate
vertically either through phototaxis (Stahl 1995) or through differential growth of
tips due to enhanced access to limiting resources (Tice et al. 2011). The question of
whether 3-D microbial mat structures derive from internal or external drivers, or a
mix of the two, extends beyond semantics; it relates to whether ridge-pinnacle
structure is the inevitable outcome of individual behaviour in response to environ-
mental drivers and has no holistic function or whether individual behaviour within
microbial mats has, over time, been structured to facilitate enhanced overall function
through a self-organised structure.

In this contribution, we examine the extent to which microbial mat structures
are organised and consider whether this organisation is essentially mechanistic, with
organisms responding to environmental stimuli or whether there is evidence that
organised structures contribute to holistic functions that enhance overall perfor-
mance. As case studies, we focus on similarities and differences between mats in
three perennially ice-covered Antarctic lakes (Fig. 4.1). Antarctic lakes are particu-
larly favourable locations for the development of complex microbial structures
and contain some of the best developed modern examples (Hawes et al. 2011,
2013; Mackey et al. 2015; Sumner et al. 2016). They share with geothermal and
hypersaline waters the lack of bioturbation from macro-invertebrates, due in this
case to the combination of extreme environmental conditions and geographic isola-
tion (see discussion in Karanovic et al. 2014), but furthermore, the ice cover ensures
that lake water is exceptionally still, over long time periods, with no wind-induced
turbulence (Wharton et al. 1993; Andersen et al. 2011; Hawes et al. 2013) that could
generate sufficient shear stress to disturb mat communities (Tice et al. 2011).
Consequently, large-scale structures, overlain on an internal mat zonation, reach
decimetre proportions in these lakes (Fig. 4.2; Andersen et al. 2011; Hawes et al.
2011, 2013). Microbial mats with obvious internal one-dimensional structure are
also common in shallow Antarctic habitats (Howard-Williams et al. 1989; Vincent
2000; Jungblut et al. 2012), but their prolonged winter freezing and summer water
movement appear to prevent the development of large-scale three-dimensional
organisation, and thus our focus remains on lake mats developing in perennially
liquid, under-ice habitats.
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We focus on three lakes that allow comparison of three distinctly different
macroscale mat topographies: Lake Hoare where prostrate forms prevail (Hawes
et al. 2014, 2016); Lake Untersee where a unique conical growth form is widespread
(Andersen et al. 2011); and Lake Vanda, where dense fields of tall cuspate pinnacles

Lakes Hoare 
and Vanda

Lake Untersee

Fig. 4.1 The location in Antarctica of the three lakes primarily referred to in this chapter. Public
domain image produced by the US National Aeronautics and Space Administration

Fig. 4.2 Examples of contrasting microbial mats in perennially ice-covered Antarctic lakes. (a)
Complex emergent structures at 22 m depth in Lake Vanda, Antarctica. (b) Microbial mat with little
emergent complexity at 11 m depth in Lake Hoare. The checkers are 1 cm in both images, which are
by courtesy of Tyler Mackey
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dominate (Fig. 4.2; Hawes et al. 2013; Sumner et al. 2016). Although early literature
refers to Antarctic lake mats rather generically as “modern stromatolites” (e.g. Parker
et al. 1981), for the most part, this is misleading. Though laminated, they are mostly
unlithified (Mackey et al. 2015), being entirely built from alternating annual lami-
nations of sediment and microbially derived organic material (Hawes et al. 2001;
Sutherland and Hawes 2009). Thus, the potential structuring effects of spatially
constrained mineral precipitation (Petroff et al. 2013) are not in play, and Antarctic
lakes instead present some of the best developed microbe-soft sediment accretion
structures on modern Earth. Lake Vanda has the added advantage that it has
undergone recent increases in lake level, with newly inundated areas of lake bed
providing dated underwater landscapes allowing an examination of the evolution of
structural complexity over time (Hawes et al. 2013; Sumner et al. 2016).

4.2 Lake Environments

4.2.1 Lake Hoare

Lake Hoare (77.63�S, 162.88�E) is a closed-basin lake near the eastern end of Taylor
Valley in southern Victoria Land, Antarctica. The lake is 4.2 km long and 1.0 km
wide and has maximum and mean depths of 34 and 14 m (Spigel and Priscu 1998). It
is dammed to the north-east by the Canada Glacier, which provides an inflow of
glacial meltwater (Wharton et al. 1992). Other sources of inflow come from Ander-
sen Creek entering the north-east corner of Lake Hoare and drainage from Lake
Chad in the south-east. No outflows from Lake Hoare exist, and water loss is
restricted to sublimation of ice and evaporation of meltwater during summer
(Doran et al. 1994). The ice cover of Lake Hoare is perennial, except for small
areas at the lake margins, which melt during summer. The ice cover was 3.5 m thick
in 1983 (Wharton et al. 1992), but the thickness has increased to ~5 m since that time
(Doran et al. 2002). There are 3 months of complete darkness during winter and
3 months of continuous light during summer (Dana et al. 1998). Howard-Williams
et al. (1998) summarised the optical properties of the ice cover and the water column.
Net transmission of photosynthetically active radiation (PAR) in the lake centre
ranged from <1% to 3%, with a spectral transmission peak at wavelengths between
450 and 550 nm. Vertical extinction coefficients for downwelling PAR within the
water column from beneath the ice to a depth of 33 m were typically 0.12–0.22 m�1

(Howard-Williams et al. 1998), resulting in a 1% irradiance depth of between just
below the ice cover and 9 m.

Lake Hoare shows weak density stratification in the upper waters, and although
there is controversy over the extent of mixing of surface water (Spigel and Priscu
1998; Tyler et al. 1998), the density gradient is continuous to at least 13 m depth.
There is a pronounced inflexion in the density-depth profile at 13–15 m from the
surface (the depth of the lake varies temporally), which divides the lake into upper
and lower compartments. The upper compartment is characterised by low
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concentrations of dissolved nutrients, particularly nitrate, which is probably limiting
planktonic production (Lizotte and Priscu 1992). Upper waters also contain lower
bicarbonate, with a higher pH (up to 8.6, Cathey et al. 1981) than the lower
compartment (pH 7.9). The lake is anoxic below 25–26 m.

Benthic microbial mats, comprised primarily of cyanobacteria, diatoms and other
bacteria, with various microbial eukaryotes at low abundance, line the lake from the
edge into the anoxic zone at 25 m (Wharton et al. 1983; Hawes and Schwarz 1999).
Mats in Lake Hoare are often prostrate, with little surface elaboration, though in
some shallow areas rounded pinnacles and lift-off structures can form (Wharton et al.
1983). The matrices of the mats are dominated by narrow, filamentous
cyanobacteria, attributable on morphological and molecular bases to the genera
Leptolyngbya and Pseudanabaena with occasional Phormidium (Sutherland and
Hawes 2009; Zhang et al. 2015). Diatoms comprise 10–15% of the mat community,
though this increases at depth. Sixteen taxa of diatoms have been recognised, with
Psammothidium chlidanos, Diadesmis contenta var. parallela and Navicula
gregaria the most frequent (Sutherland and Hawes 2009). These mats are adapted
to low irradiance through efficient light harvesting and utilisation, and compensation
points of <1 μmol photons m�2 s�1 allow net production to occur to >20 m depth
(Hawes and Schwarz 1999, 2001; Vopel and Hawes 2006).

4.2.2 Lake Untersee

Lake Untersee (Fig. 4.1) is located at 71.33�S 13.75� E in the Otto-von-Gruber-
Gebirge (Gruber Mountains) of central Dronning Maud Land. The lake is 563 m
above sea level, with an area of 11.4 km2, and is the largest surface lake in East
Antarctica. Lake Untersee has two subbasins; the largest, 160 m deep, lies adjacent
to the Anuchin Glacier and is separated by a sill at 50 m depth from a smaller,
100-m-deep basin in the southwest corner (Wand et al. 1997). The deep basin is
close to homothermal and well oxygenated to the bottom. In contrast the shallow
basin is density stratified below the sill depth (c. 50 m) and anoxic at its base. Profiles
of conductivity, temperature and dissolved oxygen indicate that the deep basin and
upper part of the anoxic basin are part of the same body of well-mixed water (Kaup
et al. 1988; Haendel et al. 1995; Wand et al. 1997, 2006; Andersen et al. 2011). The
unusually high pH of this mixed water mass (pH 10.4) has been attributed to
weathering of the predominant anorthosite rock in the lake’s catchment in the
absence of an effective connection to the atmosphere (Kaup et al. 1988; Andersen
et al. 2011). The lake ice transmits approximately 5% of incident irradiance and
vertical extinction coefficient for scalar PAR of 0.033 m�1, (Andersen et al. 2011)
resulting in a 1% surface irradiance depth of ~50 m.

Benthic microbial mats occur to at least 100 m in Lake Untersee and comprise
mostly oscillatorian cyanobacteria primarily as Phormidium autumnale and
Leptolyngbya spp., with some unicellular Chamaesiphon and nitrogen-fixing Nos-
toc, with few chlorophytes and almost no diatoms (Andersen et al. 2011; authors’
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unpublished molecular data). These microbial mats form two distinct macroscale
morphologies, pinnacles and large cones, with the latter, which can be up to 50 cm
tall, being most widespread. Cones are built from sub-mm scale laminations of fine
glacially derived sediments and organic material, and radiocarbon dating suggests
that they accumulate over centuries (Andersen et al. 2011). As in lakes Vanda and
Hoare, these cyanobacteria are rich in phycoerythrin, and mats have an overall
purple-pink appearance.

4.2.3 Lake Vanda

Lake Vanda (Fig. 4.1) lies in the Wright Valley, one of the McMurdo Dry Valleys of
southern Victoria Land (77.50�S, 161.67�E). It occupies a closed basin with a
perennial ice cover 3.5–4.0 m thick; though for several weeks each summer, the
ice around parts of the lake shore melts to produce a discontinuous, open-water
moat. In recent years inflow has exceeded outflow, and the lake level has risen by
12 m between 1960 and 2012 (Hawes et al. 2013). The endorheic nature of the lake
and historical changes in water balance have left Lake Vanda with an unusual
physical structure, with an inverse temperature gradient stabilised by increasing
solute content with depth. In December 2013, temperature and conductivity were
constant from 4 m to 23 m depth at ~4 �C and ~560 μS cm�1, increasing abruptly as
a pycnocline from 23 to 28 m depth, then stabilising at 6 �C and 1020 μS cm�1

between 28 and 45 m. These two upper cells are individually mixed by thermohaline
convection (Spigel and Priscu 1998), while below 45 m, there is a continuous
gradual increase in temperature and conductivity. The ice cover transmits 15–20%
of incident photosynthetically active radiation (PAR), biased to wavelengths below
550 nm (Hawes and Schwarz 2001). The lake water is extraordinarily clear, with a
vertical extinction coefficient for downwelling scalar PAR of 0.06 m�1 (Howard-
Williams et al. 1998), resulting in a 1% surface irradiance depth of 48–63 m. Low
concentrations of dissolved reactive phosphorus (DRP) appear to limit phytoplank-
ton growth (Vincent and Vincent 1982).

In Lake Vanda, benthic microbial mats are widespread, attain high biomass, form
elaborate pinnacles and extend to at least 50 m depth (Figs. 4.2 and 4.3; Wharton
1994; Hawes and Schwarz 2001; Hawes et al. 2013). These mats comprise mostly
cyanobacteria, particularly species of Phormidium and Leptolyngbya (Sumner et al.
2016), with pennate diatoms (species of Navicula, Nitzschia, Caloneis and
Stauroneis) throughout and occasional strands of moss below the 25 m pycnocline
(Love et al. 1983). Lake Vanda mats appear to have a higher cyanobacterial diversity
than Lake Hoare, with up to 12 compared to 8 operational taxonomic units (OTUs)
based on clone library analysis (Zhang et al. 2015). Vanda mats are annually
laminated, with the upper 2–4 laminae constituted an orange-brown zone, rich in
myxoxanthophyll and dominated by intertwined Leptolyngbya trichomes. Below the
upper zone, green-/pink-pigmented subsurface zones are present, containing up to
six phycobilin-rich laminae, also colonised by Leptolyngbya, Oscillatoria and
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Phormidium morphotypes (Hawes et al. 2013, 2016; Sumner et al. 2016). Recent,
well-constrained, increases in lake level have allowed mats from different depths to
be examined as a proxy for rate of development (Hawes et al. 2013). At depths
inundated for <30 years, mats were accreting, adding one lamina (0.3 mm) and
~0.2 μg cm�2 of chlorophyll-a per year. At depths that have been submerged for
>40 years, mat chlorophyll-a appeared to have reached an equilibrium and did not
increase over time. The older mats formed tall pinnacles that were only beginning to
emerge in shallower mats.

4.3 One-Dimensional Structures

Lake Hoare microbial mats frequently lack well-developed, complex three-
dimensional structures (Fig. 4.2), though one-dimensional organisation is well
developed. The properties of 1-D structure in these mats take two forms; lamination
and zonation (Hawes et al. 2014). Lamination, composed of alternating sediment-
rich and sediment-poor bands, is a product of annual accumulation (Hawes et al.
2001). Sediments enter the lake in summer via streams that typically flow for
1–2 months, and settle as a distinct optically dense band over autumn-winter when
darkness prevents photosynthetic growth. The resumption of growth the following
spring, when light returns but inflows are not running, forms a hyaline band (organic
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Fig. 4.3 A vertical section of microbial mat from 10 m depth in Lake Hoare, 2010. (a) A
photograph showing mm-scale, annual laminations and the zonation from pink-brown at the
surface, though pink, to colourless. (b) A false-colour composite fluorescence image (blue excita-
tion, red emission) of a similar section. False colour scale is in arbitrary units of chlorophyll
fluorescence. The scale bars in (a) and (b) represent 10 mm. (c) An in situ dissolved oxygen profile
through a mat at the same depth from which the sections were obtained, shown on a similar vertical
scale

98 I. Hawes et al.



accumulation without sediment) overlying the relatively opaque (sediment without
growth) band formed in winter (Fig. 4.3a). Hawes et al. (2001) used confocal laser
scanning microscopy to show that trichomes are relatively sparse and oriented
mostly vertically in the hyaline bands, including at the surface in summer, but tend
to be more abundant, intertwined and oriented parallel to the mat surface in the
opaque bands. Such laminations through trapping and binding of episodic deposi-
tions of sediment are reported from microbial mat communities in other sedimentary
environments such as marine stromatolites (e.g. Reid et al. 2000).

Zonation is overlain on this annual banding pattern and in Antarctic lakes is
recognisable by pigmentation bands that comprise multiple laminae. The orange-
brown surface zone contains a higher proportion of carotenoids and live diatoms
than the lower zone, where carotenoids are rare and cyanobacterial phycobilin
pigments are responsible for pink coloration (Hawes et al. 2016). However,
cyanobacteria dominate biovolume throughout the pigmented zone, with a similar
morphotypic composition, dominated by Leptolyngbya in both zones, with
Pseudanabaena present in both but most abundant in the upper pink-brown zone
(Sutherland and Hawes 2009; Hawes et al. 2016).

In addition, Lake Hoare mats have two unusual features that are not common in
temperate microbial mats: (1) the >18 mm thickness of the pigmented zone, which
occupies 9 years of vertical accumulation (Fig. 4.3a, b) and (2) the persistence of
dissolved oxygen concentrations exceeding that of the ambient water column to
more than 15 mm into the mat (Fig. 4.3c). These are despite the mat receiving <1%
of lake-incident irradiance (Vopel and Hawes 2006; Hawes et al. 2014). Fluores-
cence imaging (Fig. 4.3b, see Vopel and Hawes 2006 for methods) shows that
chlorophyll-a is present throughout the pigmented zone of the mat, only reaching
the limits of detection at 15 mm or more below the mat surface. The bulge in oxygen
concentration associated with the pigmented zones is indicative of a broad photo-
synthetic zone, but also that oxic conditions extend well below the region containing
pigments associated with oxygenic photosynthesis. This is different to what is
normally seen in temperate mats, and even in shallow water (seasonally frozen)
mats in Antarctica (Hawes et al. 1999), where oxygenic photosynthesising organ-
isms are usually concentrated in the upper 1–2 mm, and a sharp oxycline is present at
the base of the oxygenic, pigment-containing zone. In temperate system, the
oxycline within the mat can be associated with an increase in sulphide and a shift
in dominant metabolism from oxygen- to sulphur-based and moves vertically in
response to diel changes in irradiance (e.g. Denis et al. 2012). Indeed, in temperate
mats, this redox change is the basis of the 1-D metabolic structure that is often
interpreted as having the functional role of facilitating nutrient cycling by position-
ing all components of nutrient cycling pathways within diffusion distance of each
other (e.g. Paerl and Pinckney 1996).

The unusual oxygenation features of Lake Hoare mats may in part reflect the 24-h
daily irradiance that they receive, albeit at low photon fluxes. Estimates of photo-
synthesis in Lake Hoare show that photic zones of microbial mats export oxygen to
the water column and to underlying mats during summer and that oxygen consump-
tion in mats below the photic zone quickly falls to close to zero despite an abundance
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of organic carbon (Hawes et al. 2014). Vopel and Hawes (2006) demonstrated that
the rate of photosynthesis is linearly related to irradiance and argued for a compen-
sation photon flux as low as 0.1 μmol m�2 s�1. Hawes et al. (2014) went on to
confirm persistent light-limitation of photosynthesis but also showed that net flux of
oxygen to the water column continued through the 24-h light cycle. However, the
export of dissolved oxygen at low irradiances around midnight was due to ongoing
effusion of dissolved oxygen produced during brighter parts of the day: under the
night-time photon flux of ~1 μmol photon m�2 s�1. Gross photosynthesis was close
to zero, and a net consumption of oxygen was actually occurring when flux was
integrated through the mat, implying that ~1 μmol photon m�2 s�1 may be closer to
the effective community compensation point than 0.1 μmol photon m�2 s�1.

The ability of the Lake Hoare microbial mat to be photosynthetic at low irradi-
ance is enhanced by efficient absorption and utilisation of light. Hawes and Schwarz
(2001) showed how the spectral absorption characteristics of ice (which absorbs red
light strongly) results in light that penetrates to 10 m depth in Lake Hoare having a
dominant wavelength of close to 500 nm and an overall blue-green hue. They
showed how phycoerythrin allowed benthic mats to capture effectively these green
wavebands and absorb up to 50% of light incident to the mat using these photosyn-
thetic pigments. A variety of methodologies have shown how the cyanobacteria
function at close to the maximum quantum yield of oxygenic photosynthesis, fixing
the equivalent of 1 mol carbon per 12 mol photons absorbed (Hawes and Schwarz
1999, 2001; Vopel and Hawes 2006; Hawes et al. 2014). Low respiration rate is,
however, also essential to both low-compensation irradiance and deep-penetrating
oxygen (Hawes and Schwarz 1999; Hawes et al. 2014). The low respiration rate,
despite an apparent abundance of oxygen and organic carbon in the mat matrix
(Sutherland and Hawes 2009), is unexpected. It has been suggested that low
respiration rate is due to the recalcitrant nature of the cyanobacterial sheaths and
extracellular polymeric material that is suspected to form much of the organic
laminae (Sutherland and Hawes 2009). What happens to dissolved oxygen concen-
tration in mat communities over the 4 months of winter darkness is not yet known.

While we can hypothesise that the unusual oxygen profiles in Lake Hoare mats
reflect the absence of release of labile organics from the photosynthetic mat com-
ponents to the underlying mat, it is clear that the 1-D structure of these Antarctic lake
mats is not based around redox gradients that facilitate coupling of microbial
processes. The absence of an oxycline within the mats implies the absence of
processes that link aerobic and anaerobic metabolisms to the carbon acquisition
processes at diffusion-efficient distance scales—at least during the summer months.
Nutrient accumulation does occur in these mats, with concentrations of all inorganic-
and organic-dissolved forms of N and P increasing severalfold from the water
column to the mat (Quesada et al. 2008), but the absence of abrupt redox gradients
means that benefits from closely linked, diverse metabolisms are unlikely, and the
enigma of apparently abundant carbon resources in oxygen-rich, aphotic lower zones
of microbial mats remains incompletely resolved.

So does the one-dimensional arrangement of cyanobacteria in the mat have
another function? It seems unlikely that the structure of the mat, with pigments
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arranged within a sequence of laminae representing up to 10 years of growth
(Fig. 4.3), has the function of enhancing the ability to harvesting light. The most
effective arrangement of pigments to intercept light would be to concentrate them in
a narrow layer at the mat surface, as this would minimise attenuation due to
non-photosynthetic mat components (Kühl and Fenchel 2000). Thus, one might
expect these potentially motile organisms to migrate vertically to the upper, better
illuminated part of the mat. At present the reason for the absence of migration is not
clear, but we have previously argued (Hawes et al. 2014) that the only available cue
for migration is light and that the rapid scattering of light within mats (Kühl and
Fenchel 2000) and the low component of the red wavelengths that appear to be
important in phototaxis (Ng et al. 2003) prevent coordinated vertical migration from
occurring. The alternate hypothesis then is that pigments in deeper, older laminae are
persistent legacies of previous growth and that the 1-D structure seen in these mats—
annual lamination and some zonation of pigments and dominant morphotypes—has
no holistic function; rather it is simply a consequence of how these mats grow
and age.

4.4 Three-Dimensional Structure

4.4.1 Lake Untersee

Above we argue that the 1-D structure that is evident in vertical sections of microbial
mat from Lake Hoare, at 10 m depth, is largely a consequence of the way that the mat
grows and confers no advantage in the acquisition of the key-limiting resource at that
location. In the second example considered here, Lake Untersee, Dronning Maud
Land, the mats have a 1-D laminated structure that superficially resembles that of
Lake Hoare, but this 1-D structure is folded into the emergence of conical macro-
scale structures (Andersen et al. 2011). Here we will consider how these structures
may form and how this formation may create a holistic advantage for the capture of
otherwise limiting resources.

Lake Untersee actually contains two types of emergent structure, pinnacles and
cones (Andersen et al. 2011; Fig. 4.4). Surveys using drop cameras and divers have
shown that the cones are the most frequent structures seen in the lake and that these
are present from less than 15 m depth (the minimum depth surveyed) to in excess of
100 m, equivalent to optical depths of ~3–0.25% of surface incident irradiance
(author’s unpublished data). This encompasses the optical depth of the mats
discussed above from Lake Hoare (~1% surface light). Cones themselves are all
sizes, but often large, up to 50 cm tall, and rise steeply (average slope 60�) from the
surrounding sediment with a spacing length of metres (Andersen et al. 2011). A
characteristic feature is a fibrous cluster of a broad-trichome cyanobacterium (iden-
tified by sequence analysis of 16S rRNA gene as Phormidium autumnale; author’s
unpublished data) on the apex of the cones, particularly evident when viewed from
above (Fig. 4.4b). In fact, 16S high-throughput sequencing showed that Phormidium
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dominates the cyanobacterial assemblages on the sides and top of the cone from
where the fibrous cluster of a broad-trichome cyanobacterium protrudes (authors’
unpublished data). This is quantifiable as an elevated concentration of photosyn-
thetic pigments at the cone apex (Table 4.1).

Vertical sections of cones reveal that the cone structure is built as a modification
of the simple laminar accrual process described in Lake Hoare, but the internal
structure is quantitatively different to that seen in Lake Hoare (Fig. 4.4c). In
particular, zonation is restricted to a single pink-pigmented, upper zone less than
1 mm thick, overlying an unpigmented organosedimentary zone, and the scale of
lamination in Lake Untersee is much finer, sub-mm scale laminated clay-organic
sediment. Although arranged differently, the absolute abundance of pigments per
unit area was similar to lakes Vanda and Hoare (Table 4.1). Potential benefits of the
conical geometry include an increase in mat surface area for a given area of lake bed.
Given that the concentration of pigments on the cone walls are similar to those on the
adjacent flat areas (Table 4.1), the increase in surface area of cones relative to flats

5 mm

A

B

C

Fig. 4.4 (a) A field of conical mounds at 20 m depth in Lake Untersee. For comparison with other
lakes, 20 m physical depth in Lake Untersee is the depth to which 2–3% of incident irradiance
penetrates. (b) A close-up of a small conical mound, with a nascent structure in the upper right. The
scale bar shows cm. (c) Cross section of the cone imaged in (b) after return to the surface, section
close to “shoulder” of the cone. All images are taken with no artificial lighting
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will inevitably increase the overall biomass per unit lake bed. A regular-truncated
cone that is 20 cm tall, with a 60� wall slope and a flat apex 6 cm across would have
more than twice the surface area of an equivalent flat disc (996 vs. 380 cm2).
Allowing for enhanced pigment concentration at the apex, the overall average
chlorophyll-a concentration per unit bed area of a cone would be approximately
35.5 μg cm�2 compared to 9.5 μg cm�2 for flat mat.

The very thin laminations in Lake Untersee compared to Lake Hoare suggest a
lower rate of sediment and organic carbon accrual, even though the irradiance in
Lake Untersee is higher than in Lake Hoare. New estimates (author’s unpublished
data) of sedimentation in Lake Untersee, based on four replicate passive traps at
20 m depth, deployed for 2 years, yield an accumulation rate of 6 g m�2, which
compares to 41 g m�2 for Lake Hoare (Wharton et al. 1989). New in situ measure-
ments of oxygen concentration profiles at 20 m depth and a photon flux of
30 μmol m�2 s�1 in Lake Untersee (Fig. 4.5), obtained as described in Vopel and
Hawes (2006), show that the zone of net oxygenic photosynthesis is restricted in
Lake Untersee to ~1 mm, much narrower than Lake Hoare at 10 m depth (Fig. 4.5).
However, the flux of oxygen to the overlying water calculated from this profile was
190 μmol m�2 h�1 or approximately half of that in Lake Hoare at 10 m depth with an
irradiance of 3 μmol photons m�2 s�1 (Vopel and Hawes 2006). Thus Lake Untersee
mats show lower gross photosynthesis and photosynthetic efficiency than Lake
Hoare mats. As in Lake Hoare, there is no evidence for a sharp oxycline below the
zone of oxygenic photosynthesis; instead there is a steady decline deep into the mat,
repeating the apparent paradox of coincident oxygen and organic carbon in the
aphotic mat seen in Lake Hoare.

Two likely reasons for the lower accumulation of extracellular organic carbon in
Lake Untersee compared to Lake Hoare are geochemical and taxonomic differences.
Lake Untersee has an unusual water chemistry, with a pH of >10.4 generated by
weathering of anorthosite rock floor under an ice cover that effectively eliminates
atmospheric contact (Kaup et al. 1988; Andersen et al. 2011). High pH persists some
distance into the sediment, with a maximum coincident with the photosynthesis-
induced dissolved oxygen maximum at the mat surface (Fig. 4.5). Recently, using

Table 4.1 Comparison of pigment concentrations in Lake Untersee at 25 m depth, Lake Hoare at
10 m and Lake Vanda at 20 and 30 m

Lake Location Chlorophyll (μg cm�2) Phycoerythrin (μg cm�2)

Untersee Top of cone 24.2 � 12.1 38.0 � 14.6

Side of cone 11.9 � 2.3 8.1 � 4.4

Flat mat 9.5 � 3.2 5.6 � 3.5

Hoare Flat mat 14.5 � 0.4 36.0 � 5.3

Vanda Flat mat (20 m) 11.9 � 1.2 24.7 � 1.5

Flat mat (30 m) 15.1 � 0.5 46.6 � 0.5

Pinnacle (20 m) 17.8 � 2.8 30.5 � 3.4

Pinnacle (30 m) 33.9 � 9.1 103.0 � 32.1

N ¼ 3 (Untersee—from Andersen et al. 2011) or N ¼ 5 (Hoare and Vanda—from Hawes and
Schwarz 2001, and unpublished)
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techniques described by Hawes et al. (2011), we measured concentrations of
dissolved inorganic carbon (DIC) in water from Lake Untersee at 12 μmol L�1,
amongst the lower values recorded in natural waters. At pH 10.4, less than 50% of
DIC would be in a photosynthetically available form, e.g. as bicarbonate. Thus the
difference between the rate of accumulation of lamina thickness between Lake
Untersee and Lake Hoare may be due to limitation by both sediment deposition
and carbon accrual rates.

A second substantial difference between the lakes is the dominance of
Phormidium taxa in the phototrophic community in Lake Untersee, whereas in
Lake Hoare mats are dominated by a mix of Leptolyngbya and diatoms. Phormidium
tends to be a highly motile group, occurs at high pH in Antarctic lakes (Mackey et al.
2015) indicating an affinity for bicarbonate and is characterised as a “surface-
smoothing” taxon (Mackey et al. 2015). In contrast Leptolyngbya is less motile,
but is associated with topographical enhancement through vertically oriented growth
(Reyes et al. 2013; Mackey et al. 2015). The surface topography, with filaments of
Phormidium autumnale projecting from the top of each mound in a loose, woolly
surficial layer, may represent a behavioural response to optimise carbon accrual at
low DIC availability; the ability of cyanobacteria to move along light and DIC
gradients is well known (see review by Stahl 1995). At low irradiance a tendency for
trichomes to accumulate at the surface of topographic highs, through orientation
towards the light, and then to extend vertically through a pH and DIC gradient, is
consistent with known behaviours. Enhanced accumulation of sediment, on the
flattened apices of cones is also likely due to the enhanced trapping ability of the
“woolly cap” of P. autumnale trichomes and may also contribute to the differential
accumulation of mass on the apex of the cone compare to the cone sides and
surrounding lake floor.
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Fig. 4.5 Profiles of
dissolved oxygen and pH
through the surface layer of
a cone from Lake Untersee.
Profile obtained using a
manual micromanipulator,
and freshly calibrated
Unisense Ltd. (http://www.
unisense.com/)
microelectrodes connected
to a Unisense UW-M
underwater picoammeter
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Once a biomass maximum is established on a cone apex, the morphology is likely
to become a self-reinforcing feature. Bosak et al. (2012) showed that the tips of
pinnacles grow faster than the surrounding bases because of higher density of active
cells and, like many other authors, suggested that this reflects enhanced access to
water column nutrients for vertical elements projecting though the hydraulic laminar
sub-layer. This advantage is most effective in situations where near-laminar flow
occurs at the lake bed. Unlike many ice-covered lakes, most of the water column of
Lake Untersee is mixed at least some of the time (Wand et al. 1997). Mixing in the
lake is indicated by homogenous conductivity profiles with depth through the
>140 m water column and is thought to be driven by a mix of solar heating and
the generation of cold, dilute and buoyant water through subsurface melting of the
Anuchin Glacier that forms the northern boundary of the lake (Wand et al. 1997;
Andersen et al. 2011). Thus water movement, albeit slight, occurs in the lake, and
sufficient water movement may occur to result in significant near-bed velocity
gradients. Evidence in favour of slow flow at the lake bed that interacts with cone
apices is provided by the apparent unidirectional drift of trichomes from apical
concentrations of P. autumnale evident in vertical images of the lake floor taken
with a drop camera (Fig. 4.6). Divers operating in the lake have never detected any
evidence of water movement, even when disturbing bottom sediments during sample
collection, and we suspect that at most flows are slow and laminar rather than
turbulent. However, it is possible that the presence of tall, smooth cones within
moving water may enhance nutrient supply to taller “canopy” elements of benthic
communities over what would accrue on flats as they would be placed in higher
velocity parts of the laminar flow gradient (Ghisalberti et al. 2014).

Nepf (2012) reviewed the hydrodynamics of vegetated channels, providing an
understanding of the role of canopy density on near-bed turbulence regime. She
noted that sparse canopies, as in Lake Untersee, resemble a simple boundary layer
regime with a velocity gradient predicted by distance from the channel bed, enhanc-
ing the probability that the cone apices would experience higher velocity

Fig. 4.6 Vertical image of
the floor of Lake Untersee at
45 m depth obtained with a
low-resolution SeaView
(http://www.seaview.com/)
drop camera lowered
through a hole in the ice.
The dark spots are the apices
of mounds, and the streaks
trailing from the apices are
trails of cyanobacteria. The
bar represents ~2 m
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environments than cone bases. While the conical structures allow an increase in
surface area for uptake of nutrients, a possible specific functional advantage of the
conical structures in Lake Untersee may thus emerge as placing the most actively
growing part of the microbial population in the location where they are most
hydrodynamically favoured to exploit otherwise limiting nutrients, in this case
perhaps DIC.

The growth of large conical structures in Lake Untersee may be the consequence
of the responses of the constituent organisms growing under unusual field condi-
tions. Cones may naturally develop on local topographic irregularities, which prop-
agate through enhanced growth and sediment accumulation on the apex. This model
implies no complex, holistic organisation of structure. However, one observation
challenges this simple interpretation. The spacing of cones shows marginally sig-
nificant regularity, based on analysis of six down-looking images of cones, using
nearest neighbour analysis (Clarke and Evans 1954). Cone spacing was on scales of
decimetres or more, yet the Rn statistic (n-sample nearest neighbour risk) of the
nearest neighbour analysis for the image in Fig. 4.6 was 1.29 (where 1 is random
and >1.2 indicates a significant element of regularity—analysis was at N > 200 and
p > 0.05).

Overall the Rn for the six analysed images was 1.36 � 0.06 (average � s.d.).
While this statistic suggests a low level of ordering, any emergence of regular
spacing may imply information transfer between cones, and how this may occur is
not clear. The potential for competitive interaction for water column resources to
result in regular spacing in pinnacle mats has been argued for on the basis of elegant
experimentation and modelling by Petroff et al. (2010). Those arguments suggest
that under still conditions, spacing on cm distance scales will result from pulsed
activity on a 24 periodicity (i.e. photosynthesis). Even in Antarctic lakes, with 24 h
of daylight, sufficient day-night variation in irradiance exists to drive a diel photo-
synthetic pattern (Hawes et al. 2014). Thus in still water, this mechanism might
explain a cm scale of spacing of pinnacles (Andersen et al. 2011) but not a greater
than dm-scale spacing of large cones, a point noted by Petroff et al. (2010).
However, as discussed above, laminar flow of water is suspected in Lake Untersee,
and Petroff et al. (2010) went on to argue that larger-scale spacing patterns may be
propagated by the competitive interaction mechanism in directional flowing water.
They suggest that laminar flow would result in longitudinal regularity, or ridges,
rather than the distribution of cones seen in Lake Untersee.

As with Lake Hoare, the emergent structures in Lake Untersee, here a mixture of
one-dimensional laminations elaborated to large conical forms, appear to largely
result from uncoordinated responses of organisms to growth conditions. However,
the enigmatic tendency for cones to be spaced in a non-random pattern over dm
distances is unexplained. A mechanism whereby communication between cones
could occur over such distances is not clear, and given the expectation of minimal
competitive interaction at such scales, neither is any holistic advantage that such
communication may confer.
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4.4.2 Lake Vanda

If there is a “model” emergent structure for microbial mats that has dominated recent
literature, it is that of cm-scale spaced, cuspate pinnacles, associated with narrow-
trichome cyanobacterial taxa (Petroff et al. 2010; Tice et al. 2011; Bosak et al. 2012).
This morphology and taxonomic dominance is common in Lake Vanda (Hawes et al.
2013; Zhang et al. 2015; Sumner et al. 2016). For logistic reasons, published
information is largely limited to the upper part of the lake, from 6 to 26 m depth
where a time series of mat age that has resulted from a gradual increase in lake level
allows insights into the development of these microbial pinnacles (Hawes et al.
2013; Sumner et al. 2016). The number of annual growth laminations and accumu-
lation of biomass along the depth gradient in the upper water column of Lake Vanda
was consistent with an accumulation of mat material over the duration of inundation
calculated from rising water level (Hawes et al. 2013). The gradual increase in height
and spacing of pinnacles with depth (Fig. 4.7) was therefore consistent with temporal
development. Recently, we deployed drop cameras across Lake Vanda and found
that pinnacles extend to depths of at least 55 m (Fig. 4.8), though most pinnacles at
this depth appear to have collapsed, perhaps a result of declining irradiance over time
as the lake level has risen. The potential for insights into the mechanisms of pinnacle
growth from Lake Vanda are high because pinnacles can be ordered by age, are
particularly large and are readily measured. Thus, we focus on both the organisation
of fields of pinnacles and possible functions of the pinnacle structure itself.

4.4.2.1 Size and Spacing

Distributions of pinnacle height at any given depth are skewed by the presence of
exceptionally large pinnacles at all depths (Fig. 4.9). There was a close, positive
correlation between median size at each depth and median spacing (Fig. 4.7c, n ¼ 7,
r2 ¼ 0.96, p < 0.0005). Nearest neighbour analysis of the Vanda pinnacles showed,
as in Lake Untersee, a slight tendency away from random, towards even spacing. For
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Fig. 4.8 The appearance of pinnacle mats from a range of depths in Lake Vanda. The physical
depth and optical depth, as % incident irradiance at noon, are indicated. Where visible, the red laser
dots are 3 cm apart
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three quadrats taken at 21 m depth, Rn was calculated from 80 measures of nearest
neighbour difference as 1.25 � 0.01, while for three quadrats at 8 m depth Rn was
1.25� 0.02 (N¼ 3, mean � s.d.), suggesting a weakly significant effect ( p> 0.05).
When pinnacle spacing was examined more closely, it was apparent that deviation
from randomness was largely driven by truncation of the distribution at the closely
spaced end. This was evident for both the larger, well-spaced pinnacles at 22 m depth
(Fig. 4.9) and also the small, closely packed pinnacles at 8 m (8 m data not shown).

Two simple ways to explain this observation are that (1) at short separation, it
is not possible to detect accurately small spacing between pinnacles, due to their
finite basal diameter, or (2) interactions lead either to divergence or merging of
pinnacles at short range. Figure 4.10 shows how closely associated tall pinnacles
can tend to both merge at the base and lean away from each other, suggesting that
both mechanisms may be in play at least some of the time. Divergence of closely
associated pinnacles is consistent with the concept of competition for nutrients from
the water column, or perhaps to minimise mutual shading. In contrast, the correlation
between spacing and size is consistent with the basal merging of pinnacles to
produce fewer, larger individuals as the microbial mat ages. The distribution of
pinnacles in Lake Vanda provides only partial support for the view of emergence of
structural complexity driven by inter-pinnacle competition for water-column
resources. Rather the simplest explanation is of random initiation (see Sumner
et al. 2016), merging as basal area increases, with direct inter-pinnacle interactions
only being evident at close range. This type of distribution pattern can be fully

Fig. 4.10 Pinnacle mats at 22 m water depth in Lake Vanda. At the centre, a cluster of large
pinnacles shows a tendency to merge at the base but for the pinnacles themselves to diverge
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accommodated by simple interactions between organisms and environment rather
than needing to invoke a more holistic mechanism for pinnacle growth.

4.4.2.2 Structure

While data from Lake Vanda suggest that pinnacle fields tend to be structured by
simple mechanisms that occur at the individual pinnacle level, the prevalence of the
pinnacle structure across a range of optical depths spanning at least 1–15% incident
irradiance implies that it has some functional advantage. It is noteworthy to compare
the pinnacles of microbial mats in Lake Vanda at 1.5% surface irradiance (45 m
depth, Fig. 4.8), with the much flatter structure of Lake Hoare at similar optical depth
(Fig. 4.2a). It appears that, based on molecular taxonomy, the two lakes share
dominant cyanobacteria (Zhang et al. 2015), and thus behavioural differences, as
proposed for Lake Untersee, are less likely. What are the functional advantages that
the formation of pinnacles confer on the microbial communities in Lake Vanda, and
why is this advantage enhanced for a small subset of the pinnacle population
resulting in the frequent occurrence of a few “outsize” pinnacles?

The evolution of pinnacle morphology and zonation in Lake Vanda is described
by Sumner et al. (2016). In brief, all pinnacles and flat mats share a laminated and
zoned structure; the outer 3–4 laminae are orange-brown in colour, with green and
purple subsurface laminae. The transition from the surface orange-brown zone to the
green and purple zones is abrupt and only occasionally crosses lamina boundaries
(Fig. 4.11). The outer laminae were typically less than 0.5 mm thick each (except at
pinnacle tips), whereas the thicknesses of green/purple subsurface laminae ranged
from less than 1 to greater than 3 mm thick. The shapes of the green/purple
subsurface laminae towards the tips of pinnacles differed from those of the orange-
brown laminae; the tops of these laminae were conical to geniculate (Fig. 4.11),
rather than cuspate. Thus, the overall thickness of a single green/purple lamina was
more uniform across the pinnacle than any orange-brown laminae were, and no
green/purple laminae mimicked the cuspate morphology of pinnacle tips. Sumner
et al. (2016) noted that at young stages, pinnacles only comprised the outer orange-
brown zone, with the green and purple zones only extending into the pinnacles at
later stages of development. However, once the pinnacles contain green and purple
zones, the interior laminae grow and thicken, which causes the lateral expansion of
pinnacles and results in a columnar pinnacle morphology (Fig. 4.12; Sumner et al.
2016). 16S rDNA clone library techniques show the orange-brown laminae in the
pinnacles contain almost exclusively Leptolyngbya ribotypes (80% L. antarctica),
while the green and pink zones contain 40–50% L. antarctica and the remainder
larger ribotypes, primarily Phormidium and Tychonema (Sumner et al. 2016).

As indicated in Fig. 4.12, tall, columnar pinnacles take considerable time to
emerge, and it is important to recall that pinnacle growth is a function of the
differential between growth of the apex and the surrounding base. Hawes et al.
(2013) calculated that during the first decades of growth, prostrate mat accumulated
at approximately 0.33 mm year�1, while pinnacle apices extended at 0.25 mm
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year�1, a net growth rate of 0.48 mm year�1 for pinnacles. Thus the differential
between the rate of growth of pinnacles and the base mat is slight—on average.
However, some pinnacles increased in height by more than 2 mm year�1 over a
decade (Sumner et al. 2016). Thus, the large size of pinnacles in Lake Vanda attests
to both their age and variations in their growth rate. Hawes et al. (2013) calculated
that the pinnacles at 20 m depth may be the result of 60–80 years of undisturbed
growth.

Positive differential growth relative to background mat requires that the pinnacle
morphology must provide a growth advantage to the apex. This may relate to
interactions between flow of water around the pinnacle fields and nutrient supply,
as discussed above for Lake Untersee. As in Untersee, parts of Lake Vanda are
convectively mixed, and currents of up to 1 cm s�1 have been reported in the lake
(Ragotzkie and Likens 1964). While DIC is not depleted in Lake Vanda as in Lake
Untersee, dissolved reactive phosphorus is thought to be limiting (Vincent and
Vincent 1982). Ghisalberti et al. (2014), like others, argue that tall organisms—or
in this case pinnacles—benefit by extracting more nutrients from water columns due
to the effect of the near-bed velocity gradient.

Fig. 4.11 Pinnacles from 19 m depth in Lake Vanda. (a) A pinnacle developing “columnar”
attributes with the exterior dominated by orange-brown laminae. The vertical section on the right
shows the thick purple and green subsurface zones that cause the columnar shape. (b) A smaller,
cuspate pinnacle that has similar exterior orange-brown laminae. The vertical section on the right
illustrates the near absence of purple and green subsurface zones except near the base and near
sediment at the crest
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Nepf (2012) points out that the movement of water within a canopy decreases
proportionally to the density of the canopy elements, enhancing this effect. Canopies
significantly affect turbulence, and when the product of volume-specific frontal area
of canopy elements and their height exceeds 0.23, the canopy slows water sufficient
to generate a shear layer at the top of the canopy (Nepf 2012). The product of
volume-specific frontal area and height in Lake Vanda pinnacle fields at 20 m is
0.3—exceeding the critical value of Nepf (2012). Thus, a shear layer is likely near
the tops of pinnacles. If limiting nutrients are being derived from the water column,
the density of the pinnacle field in Lake Vanda is sufficient to affect water turbu-
lence, leading to enhanced nutrient supply and thus growth to pinnacle apices.
Indeed, the presence of a velocity gradient displaced from the lake bed to the level
of the median pinnacle height may also provide a growth advantage to isolated extra-
tall pinnacles and thus reinforce the differential between median and quartile sizes.

While this model is attractive, there is little evidence to suggest that enhanced
nutrient availability is effective. The N:P ratios of pigmented outer layers taken from
pinnacles and from adjacent flat mats are both high, consistent with P limitation, but
there are no significant differences that would suggest an enhanced nutrient supply,
relative to growth, for pinnacles over flat mats (Table 4.2). Conditions in Lake
Vanda, where currents, though measured, are slight (no visible movement of dis-
turbed sediment has ever been seen by divers operating in Lake Vanda), may not be
well suited to hydraulic enhancement of growth of pinnacles. Indeed, it has been
shown that nutrient concentrations in microbial mat interstitial waters can exceed
that in overlying water, suggesting that internal recycling is a significant potential
source of nutrients (Quesada et al. 2008) and this may be expected to be most
effective over short-length scales rather than in elongated pinnacles.

An alternative growth model is differential photosynthesis rates as observed by
Bosak et al. (2012). To determine whether net photosynthetic capacity per unit area
increased towards the apices of the pinnacles, we collected three pinnacles and
returned them to a lakeside laboratory and maintained them at ambient photon flux
(40 μmol m�2) and temperature (4 �C) in static lake water for 3 h to reach
equilibrium with respect to oxygen concentration profile. Oxygen profiles were
measured with a Unisense microelectrode system and the gradient of dissolved
oxygen at equilibrium was measured at approximately 1 cm intervals along the
length of each pinnacle, and this used to calculate the diffusive flux of oxygen out of
the microbial mat using Fick’s law (methods fully described in Vopel and Hawes
2006). No consistent evidence emerged for any enhanced net rate of photosynthesis
along the length of the pinnacles (Fig. 4.13). Similarly, Sumner et al. (2016) did not

Table 4.2 Organic N:P molar ratios for pigmented layers of microbial mat taken from pinnacles
and flat mats at two depths in Lake Vanda

Depth (m) Flat Pinnacle

16 38.4 � 7.0 34.3 � 5.1

18 44.4 � 10.5 42.0 � 8.4

For flat mats N ¼ 8, for pinnacles N ¼ 16; mean � s.d.
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observe increased photosynthetic potential near pinnacle tops using PAM fluores-
cence techniques.

While photosynthesis potential per unit area is not enhanced towards pinnacle
apices, there is no doubt that surface area is. As calculated for Lake Untersee, the
increase in surface area conveyed by the pinnacle morphology results in an increase
in pigment biomass per unit of lake bottom (Table 4.1) and, if sufficient irradiance is
received, will result in a greater overall accumulation of carbon per unit lake bottom
area than for flat mats. The simplest interpretation of cumulative data on pinnacles in
Lake Vanda is that the functional benefit of forming elaborate pinnacle structures is
to enhance surface area. The pinnacles are physiologically and compositionally
simply flat mats that have been stretched and with a more vertical orientation.
Photosynthetic tissue is thus spread over a larger area than in flat oriented mats,
resulting in the same number of thinner laminae each accumulating less falling
sediment per unit area, due to steeper slope. Reduced sediment load minimises
competition for light absorption between sediment and photosynthetic pigments,
high surface area allows ready access to water column nutrients, and thin laminae
allow ready access to nutrients regenerated in decomposing material below. Within
these stretched outer pinnacle laminae, trichomes of Leptolyngbya are oriented
parallel to the axis of the pinnacle (authors unpublished data and Sumner et al.
2016), often intertwined to form the network of meshlike skeletons that if growing
by extension will naturally result in enhanced apical growth. We argue that the small
growth advantage that pinnacles have over flat mats relates to this process of
increased surface area and oriented extension.

The surface area mechanisms will only be effective if the steep sides of pinnacles
receive adequate illumination. The angular distribution of light in Lake Vanda at
10 m depth is moderately diffuse due to the scattering nature of the lake ice cover
(Sumner et al. 2016). Radiance is maximal at across a 60� arc about the vertical, and
substantial light is still present at angles close to 60� from zenith. The light reaching

Fig. 4.13 Oxygen efflux rates at simulated ambient light and temperature conditions at approxi-
mately 1 cm intervals along three representative pinnacles from Lake Vanda
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the steeply sloping faces of pinnacles is only slightly less than that reaching
horizontal surfaces, particularly as the thinning of pigmented laminae will increase
the penetration of light through the pinnacle walls (c.f. Hawes and Schwarz 2001).
As in Lake Hoare and Lake Untersee, the pinnacles in Lake Vanda appear to be
predictable and to emerge on the basis of simple organism response to environmental
variables, over long periods of stable conditions.

4.5 Conclusions

In this brief review of the function of structure in microbial mats in Antarctic lakes,
we have focused on features of these unusual systems that may provide insights into
general features of microbial mats. Structures formed in Antarctic lakes can be
particularly well developed, due to the extreme lack of disturbance that allows
them to accumulate over very long time periods (decades perhaps to centuries).
Structure is evident on both 1-D and 3-D bases. 1-D structure comprises two
elements, an annual banding due to temporal separation of sedimentation and carbon
accrual and a pigment zonation superficially similar to the metabolic zonation seen in
some more typical mats, though lacking any linkage to oxygen and sulphide
gradients. Instead the pigment zonation can be reconciled to the persistence of
organisms, particularly cyanobacteria, in buried laminae for many years, and pene-
tration of just enough light to allow these to survive and even grow in some
instances. There is no clear indication in data available to date that this zonation
provides any holistic advantage to the mat components through, for example,
cascades of nutrient cycling elements. Further investigations are needed to better
understand the bacterial and microbial eukaryote assemblages as well as functional
potential of the communities, using in-depth environmental genomics analyses.

Antarctic lakes provide excellent opportunities to increase understanding of the
emergence of complex 3-D structures in microbial mats, because they display a wide
range of such structure most of which are non-lithifying and which attain substantial
sizes across environmental gradients. Limited data available to date confirm findings
from elsewhere that the interaction of dominant organisms present and growth
conditions are important in determining the outcome of 3-D emergence. We note
that elaboration occurs slowly, resulting from small differences in growth rate in
various parts of a microbial mat community. For example the spectacular pinnacles
in Lake Vanda, which reach over 10 cm high, accrue at annual rates on the order of
mm or less, but the rate of emergence of complex features in other less stressful
locations may scale with growth rate. Thus rather small differentials in growth may
be responsible for emergence of structures. Functional benefits of these structures
may relate to enhanced resource availability through increased surface area, and
possibly interactions of structures with water movement to enhance delivery of
resources.

While we were able to show how the increase in surface area of elaborated
structures over flat ones allows greater biomass and overall productivity on a lake
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bed area basis, the structures that formed could be easily understood in terms of
potential interactions between individuals, their orientation and their environment.
The data lack strong evidence of coordinated behaviour, directed towards holistic
advantages to the structure. The possibility of some level of coordinated behaviour
is, however, suggested by the spacing of the structural elements. Initiation of
structures in the lakes considered here was close to random, and the growth of
pinnacles in Lake Vanda appears to result in a gradual increase in spacing, following
a log-normal distribution, due to merging of near neighbours. However, though a
hint of regular spacing in both Lake Vanda and Lake Untersee does argue for some
inter-communication between pinnacles, more focused research will be required to
investigate this intriguing possibility. The large size of structures in Antarctic lakes
make them particularly suitable to investigation of any role of cell to cell signalling
over short or long spatial scales in structural emergence that occur on small spatial
scales in biofilms (Battin et al. 2007; Decho et al. 2010).
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