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Under low nutrient levels, low temperature, and seasonally limited solar radiation in freshwater shallow lakes in continental 
Antarctica, phytobenthos dominated by cyanobacteria and green algae form very productive ecosystem of thick mat on the lake 
beds. The suface of mat was bright orange in color and was constructed carotenoids rich algae, but  the subsurface was black 
green and was constructed from algae having more photosynthetic pigments (Fig 1. Tanabe et al. 2010). The mat-forming 
phytobenthos in shallow Antarctic lakes experienced strong UVR and PAR light conditions in the ice-free summer. It was 
suggested that algae in mat surface have photo-protective pigments to resist the strong UVR and PAR light, for example 
carotenoids.
 We here propose a mathematical model for ecological community formation that takes into account physiological 
process of both photosynthesis and photoinhibition of an algal cell. A series of light-absorbing pigments for photosynthesis and 
protection are subject to selection in the photobenthic community, and evolved vertical distribution of color spectra and 
photosunthesis/protection functions are compared with the observed patterns of algal mat in Antarctic fresh water lakes.  More 
specifically, if we denote by Ui (λ)  and Vi (λ)  the light-absorption rate of wavelength λ  for photosynthesis and 
photoprotection, respectively, of species i , the net growth rate of species i  at the depth z  from the mat-surface is defined as
 
 φi (z)= P(Ji (z),Ei (z))− c Ui (λ)dλ300

700∫ + Vi (λ)dλ300

700∫( )
where P(J,E)  is the net photosynthetic rate of a mirobe with total photon capture J  and total energy exposure E   

(J = Ji (z) = I(z,λ)e−Vi (λ )
300

700

∫ 1− e−Ui (λ ){ }dλ  for species i  at depth z  where I(z,λ)  is the transmissive light spectrum 

at the layer of depth z , and E = Ei (λ)= I(z,λ) 1− eVi (λ ){ }h / λ⎡⎣ ⎤⎦dλ300

700∫ is the light energy exposure that deteriorates 

the photosynthesis). c  denotes the constructive cost of light absorption for a microbe. The transmissive light spectrum of a 

deeper layer is attenuated by the physical and biotic absorptions (as explained above) according to the Lambert law. 
As a results, the model expected pigments concentration gradient from surface to subsurface (Fig. 2). Photosynthetic pigments 
ware expected any amount at surface, and photo-protective pigments that is consistently demonstrated in mat-forming 
phytobenthos in Antarctic lakes.
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Fig.2. Expected and actual amount of pigments in surface and subsurface. Left pannel is amount of photosynthetic and 
photo-protective pigments at Jizo-Ike and Right pannel is expected amount of pigments.

Fig. 1. Photographs phytobenthic mat from four antarctic lakes and pattern diagram for the colors. (modified from 
Tanabe et al. 2010)
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categories of the abundance (see Sect. ‘‘Materials and

methods’’) in Table 4, and the photographs of dominant
species were indicated in Fig. 4a–f.

Pigments and MAAs in the mats

The pigment composition determined by HPLC was

consistent with the taxonomic observations. In all lakes
pigments derived from cyanobacteria (scytonemin, aphan-

izophyll, myxoxanthophyll, echinenone, canthaxanthin,
and zeaxanthin) and green algae (Chl b, violaxanthin,

antheraxanthin, and lutein) were detected in high concen-

trations, followed by diatoms’ pigments (Chl c, fucoxan-
thin, and diadinoxanthin) (as shown in Supplementary

Material 1). Diatoms were not microscopically observed in

Hotoke Ike, while small amounts of diatoms’ pigments
were detected by HPLC, suggesting that a few diatoms, or

the unidentified species, within the mat possessed these

pigments.
The absolute concentrations of Chl a indicated that there

were substantial differences between the upper orange and

lower green layers of the mats in all lakes (top graphs of
Fig. 6). The trends were roughly similar in the lakes; the

Table 2 Relative radiation intensity (%) of each waveband (UV-B,
UV-A, PARS and PARL) at the lake beds against solar radiation of
300–700 nm above lake surface, and diffuse attenuation coefficients
of each lake water

Jizou Ike Bosatsu Ike Hotoke Ike Ougi Ike

Lake bed depth (d, m)

Lake bed 1.80 2.51 2.06 1.67

UV-B 0.11 0.10 0.13 0.18

UV-A 4.66 4.32 5.00 5.00

PARS 17.26 17.87 19.68 14.23

PARL 23.12 23.71 29.49 18.50

Diffuse attenuation coefficient (kd, m
-1)

UV-B 0.75 0.61 0.59a 0.52a

UV-A 0.36 0.32 0.30a 0.37a

PARS 0.14 0.14 0.10a 0.32a

PARL 0.39 0.32 0.25a 0.57a

UV-B, UV-A, PARS, and PARL are wavebands of 300–320, 320–400,
400–500, and 500–700 nm, respectively. The diffuse attenuation
coefficient (kd, m

-1) of given wave band was calculated using the
radiation intensity data (Fig. 3) of each waveband at just below sur-
face water (I0) and at lake bed depth (Id), as kd = -1/d 9 ln(Id/I0),
where d is the depth (m)
a 80% of radiation energy of above lake surface assumed to penetrate
into the surface water

Fig. 4 Photographs and
schematic diagrams of vertical
sections through the benthic
algal mats in the four lakes and
dominant species of freshwater
algae in the algal mats of the
four lakes. a Leptolyngbya
perelegans, b Leptolyngbya
tenuis, c Nostoc sp. 1, d
cf. Thorakochloris sp.,
e Kentrosphaera grandis,
f Oedogonium sp. A pyrenoid in
each cell stained by Lugol’s
iodine solution
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