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Introduction 

Frost flowers (Fig. 1) are structures that form on the surface of new 
ice over both fresh and saline waters.  Within the Arctic and Antarctic 
marine environments frost flowers can cover a substantial fraction of 
the surface of new sea ice.   
 
In winter frost flowers are exposed to a steep temperature gradient.  
Where the coldest winter sea ice might reach −30˚C in the Arctic, the 
periphery of the frost flower reaches the corresponding temperature of 
the atmosphere.    
 
As saline water freezes, the liquid fraction undergoes substantial 
changes to both ionic composition and water activity (Fig. 2).  Sea ice 
retains a liquid fraction down to the eutectic point for a CaCl2/H2O 
brine at −54˚C.  Although the brine chemistry of frost flowers is less 
well known, field analyses indicate higher bulk salinities than the 
underlying sea ice (Perovich and Richter-Menge, 1994).  This raises 
the question of whether biological material might also be 
concentrated within frost flowers. 
 
Any organism present within frost flowers will be exposed to the concurrent challenges of very low temperature, altered ion 
concentrations, and low water activity (Aw).  Understanding the mechanisms by which Bacteria and Archaea may survive these 
conditions and possibly continue metabolic activity under them may provide unique insight into the habitability of many 
extraterrestrial environments that feature saline ice formations. 

Fig. 2.  Decreasing temperature is accompanied by decreasing water activity in sea ice brines.  The precipitation of salts at predictable 
temperatures also dramatically changes the ionic composition of the brine (Deming and Eicken, 2007; Marion and Farren, 1999) .  The 
FREZCHEM (Marion et al.) model was used to calculate the concentration of individual ions  and Aw to −20˚C.  The dotted blue line 
below this temperature represents the general trend of Aw to the endpoint.  The region of frost flower growth is given by the red box. 

Fig. 1.  Frost flower grown in the laboratory at −21˚C 
from a starting NaCl solution of 35 psu. 

Methods 

To test the hypothesis that microbial cells are concentrated in frost 
flowers, we grew frost flowers in a freezer room using the device 
pictured in Fig. 3, modeled after the method of Style (2007).  After 
establishing a mechanisms for reliably growing frost flowers, the 35 
psu NaCl source solution was spiked with cells of the mesophilic 
bacteria Halomonas pacifica.  A  mesophile was selected to ensure 
passive transport.  Frost flowers, the surface “skim”, and ice 
underlying ice were collected, melted, and fixed with 2 % 
paraformaldehyde.  Prior to fixation salinity was determined with a 
handheld salinometer.  Bacteria were enumerated by epifluorescent 
microscopy using the DNA-specific stain DAPI. 
 
Frost flowers were collected in the field at Barrow, Alaska on April 6 
and 7, 2009 at a site where tidal action had forced sea ice brines to the 
ice surface.  Frost flowers grew readily each night over the newly 
exposed brine.  Salinity and cell counts were determined in the same 
manner as for laboratory experiments. 
 
Additional frost flowers were collected on September 2, 2009 from the 
central Arctic Ocean during LOMROGII onboard the Swedish icebreaker Oden.  Salinity and cell counts were determined in the same 
manner as for Barrow and laboratory grown frost flowers. 

Fig. 5.  Correlation between cells and salinity for Barrow (top, df = 42, r = 0.60 and p < 0.0001) and central Arctic Ocean 
(bottom, df = 22, r = 0.83 and p = 0.0024) samples.  For Barrow.  A strong correlation is observed between bacterial abundance and 
salinity across the sea ice surface environment.  The regression line is fit to all data.  For the central Arctic Ocean.  Frost flowers from 
atop a pressure ridge as well as from atop newly formed lead ice were sampled. 

Results 

Microbial cells were found to correlate significantly with salinity in both laboratory and environmental frost flowers (Figs. 4 and 5).  
This suggests that microbial cells and ions are sharing the same transport mechanism from sea ice to frost flower.   
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Fig. 3.  A) NaCl/H20 solution B) Ethanol filled bag for 
overflow C) Insulation to prevent side freezing D) Bottom 
heat source (not visible). 
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Fig. 4.  Correlation between bacterial abundance and salinity (df = 13, r = 0.75, P = 0.001) for laboratory grown frost 
flowers.  The regression line has been fit only to the frost flowers, though the brine skim values can be seen to closely follow this 
trend.  

Discussion 

The correlation between bacterial abundance and salinity over a wide range of values measured in frost flowers suggests that both 
parameters are controlled by the same physical transport and concentration mechanisms. 
 
The presence of bacteria in elevated numbers within the frost flowers has possible implications for cold adapted physiologies, to brine 
and atmospheric chemistry, and the dispersal of bacteria.  Future work will focus on quantifying microbial activity in frost flowers in 
situ, and in the laboratory under simulated environmental conditions.  We are undertaking assessing microbial diversity in frost 
flowers, skim, underlying sea ice, and hoar frost derived from atmospheric moisture.  These analyses will provide information on the 
possible biogeochemical roles of frost flower microbial communities.  Results will also suggest whether or not taxon-specific bacteria 
are preferentially transported into frost flowers or retained within the underlying sea ice matrix. 
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Abstract 

Sea ice has been identified as an important microbial habitat, with bacteria and other microbes concentrated in the brine inclusions 
between ice crystals.  Frost flowers, thought to draw brine from underlying sea ice, have not been characterized from a microbial 
standpoint.  To test whether frost flowers serve as an upward vector of bacteria contained within sea ice brines we grew frost flowers 
in a freezer laboratory (air temperature of –21°C) from saline water spiked with the mesophilic (and thus passive under experimental 
conditions) bacterium Halomonas pacifica.  Salinity of melted samples was measured and bacterial abundance determined by 
epifluorescent microscopy.  Bacterial counts scaled to ice-melt volume averaged 2.82 x 106 ml–1 for frost flowers, compared to 9.47 
x 105 ml–1 for underlying ice (3 x higher).  Bacterial counts also correlated significantly with salinity (maximum value of 62.5 psu) 
for frost flowers, brine skim, and ice (df = 17, r = 0.59, p < 0.0001).  Segregation coefficients were calculated to describe the 
efficiency of transport of both cells and salt from the starting solution into frost flowers.  From these coefficients an enrichment index 
was calculated to test for bacterial concentration into frost flowers at a different rate than salt.  Analysis with a Student’s T-test (df = 
24, t = 0.306, p = .76) indicated that cells and salt were not transported into frost flowers with a significantly different efficiency.  To 
test these findings in the field we then collected frost flowers (and related samples) from new sea ice near Barrow, Alaska in April 
2009.  Bacterial counts were significantly elevated (again, a 3-fold increase) in natural frost flowers (mean = 2.73 x 105 ml–1) 
compared to underlying sea ice (mean = 8.46 x 104 cells ml–1).  For all field samples collected (frost flowers, underlying brine skim 
and sea ice, as well as snow), bacterial abundance correlated significantly with salinity (maximum value 124 psu, df = 40, r = 0.60, p 
< 0.0001).  The presence of elevated numbers of bacteria in frost flowers may have implications for the previously observed chemical 
reactions that take place in them, especially if microbial activity can be shown to occur in this unique low temperature, low water 
activity microbial habitat. 

 

Fund for the Advancement of Space Science Education 



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [4000 4000]

  /PageSize [6912.000 6912.000]

>> setpagedevice



