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Paleoclimatic	  Variation	  of	  Lac	  du	  Sommet	  for	  the	  
Past	  1000	  Years	  Inferred	  from	  Diatom	  Analysis.	  
	  
Kristen	  Karnes*	  and	  Sonja	  Hausmann†	  

	  
ABSTRACT	  

	  
There	  has	  been	  an	  increase	  in	  storm	  activity	  over	  the	  past	  250	  years	  in	  the	  Northeastern	  United	  
States.	   In	   order	   to	   find	   the	   driving	   forces	   for	   the	   recent	   increase	   of	   wind	   activity,	   a	   lake	  
sediment	   core	  was	   analyzed	   for	   diatoms.	   Lac	   du	   Sommet,	   in	   the	   boreal	   forest	   near	  Quebec,	  
Canada,	  was	  used	  to	  help	  determine	  if	  either	  greenhouse	  gases	  or	  solar	  activity	  was	  the	  driving	  
force	  for	  an	  increased	  abundance	  of	  diatoms.	  Diatom	  abundance	  and	  diatom	  productivity	  in	  Lac	  
du	  Sommet	   is	  an	   indicator	   for	  previous	   turbulent	  water	  conditions.	  Prior	   research	  has	  shown	  
that	   the	  diatom	  Fragilaria	  virescens	   is	   commonly	  seen	   in	  sediment	  samples	  when	  there	  were	  
large	  amounts	  of	   lake	  circulation	  and	  windiness.	  Lac	  du	  Sommet	  had	  an	   increase	   in	  Fragilaria	  
virescens	   populations	   over	   the	   past	   250	   years.	   However,	   a	   comparison	   with	   high	   temporal	  
analysis	  of	   the	  diatoms,	  greenhouse	  gas	  changes,	  and	  solar	  activity	   (the	  cosmogenic	   isotopes	  
14C	  and	  10Be)	  helped	  determine	  CO2	  to	  most	   likely	  be	  the	  cause	  for	  recent	  storm	  increases	  at	  
the	  study	  site.	  	  
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INTRODUCTION	  
	  

	  	  	  	  	  Climate	  change	  can	  be	  defined	  as	  the	  variability	  in	  climate	  patterns	  over	  an	  extended	  period	  
of	   time.	  Changes	   in	   the	  atmospheric	  concentrations	  of	  greenhouse	  gasses	  and	  solar	   radiation	  
alter	  the	  energy	  balance	  of	  the	  climate	  system,	  driving	  climate	  change	  (Solomon	  et	  al.,	  2007).	  
Sunspots	  are	  dark	  spots	  on	  the	  sun’s	  surface	  that	  typically	  have	  an	  11-‐year	  cycle.	  Solar	  activity	  
influences	  the	  production	  of	  cosmogenic	   isotopes	  (Chambers	  and	  Ogle,	  2002).	  These	   isotopes	  
are	  recorded	  in	  ice	  cores,	  allowing	  for	  a	  correlation	  between	  10Be	  and	  sunspot	  data	  (Bard	  and	  
Frank,	   2006).	   Variations	   in	   the	   cosmogenic	   isotopes	   14C	   and	   10Be	   are	   used	   for	   past	   solar	  
variation	  reconstruction	  (Hoyt	  and	  Schatten,	  1997).	  Ice	  cores	  or	  tree	  rings	  can	  be	  used	  to	  trace	  
past	  14C	  concentrations	  (Crowley,	  2000).	  
	  	  	  	  	  Crowley	   (2000)	   found	   through	   climate	   models	   that	   past	   decadal-‐scale	   temperature	  
variations	   were	   due	   to	   changes	   in	   solar	   irradiance.	   Before	   1850,	   about	   41%	   to	   61%	   of	   pre-‐
anthropogenic	   decadal-‐scale	   temperature	   variations	   were	   caused	   by	   solar	   irradiance.	   The	  
Maunder	   Minimum	   was	   a	   period	   with	   fewer	   sunspots,	   resulting	   in	   below	   average	   global	  
temperatures.	   This	   period	   occurred	   during	   1645-‐1715,	   and	   temperatures	   were	   low	   because	  
sunspots	   were	   uncommon	   (Crowley,	   2000).	   Temperature	   responds	   almost	   linearly	   to	   the	  
estimated	   changes	   in	   radiative	   forcing	   (Crowley,	   2000).	   The	   Little	   Ice	   Age	   (LIA)	   occurred	  
between	   1550-‐1850,	   during	   the	   Maunder	   Minimum.	   Diatoms	   were	   used	   to	   determine	   if	  
greenhouse	  gases	   (CO2)	  or	  solar	  activity	  was	  the	  key	  driving	  force	  for	  diatom	  variation	  during	  
the	  past	  1000	  years,	  specifically	  during	  the	  LIA.	  
	  	  	  	  	  Diatoms	   are	   single	   cell	   algae	  with	   a	   silica	   shell	   that	   are	   deposited	   in	   lake	   sediments	   over	  
time.	   They	   are	   microscopic	   organisms	   found	   in	   all	   aquatic	   environments	   and	   soil	   whose	  
siliceous	  shells	  are	  well	  fossilized	  in	  sediment	  (Stoermer	  and	  Smol,	  1999).	  Since	  they	  have	  a	  very	  
short	   generation	   interval,	   the	   species	   populations	   can	   drastically	   change	   in	   response	   to	  
environmental	   influences	   such	   as	   the	   following:	   change	   in	   lake	   level,	   duration	   of	   ice	   cover,	  
stratification,	   and	   different	   nutrient	   ratios	   (Smol,	   1990	   and	   Lamb	   et	   al.,	   1995).	   Therefore,	  
diatoms	  are	  used	  to	  understand	  past	   lake	  and	  climate	  dynamics.	  Previous	  studies	  and	  models	  
have	   shown	   a	   relationship	   between	   climate	   change,	   nutrient	   change	   and	   species-‐specific	  
diatom	  response	  (ter	  Braak	  et	  al.,	  1993,	  Hausmann	  and	  Pienitz,	  2009).	  	  
	  	  	  	  	  	  Hausmann	  and	  Pientiz	  (2007,	  2009)	  and	  Hausmann	  et	  al.	  (2011)	  showed	  that	  diatoms	  could	  
be	  used	  to	  reconstruct	  past	  summer	  winds.	  Their	  sediment	  trap	  study	  along	  elevation	  gradients	  
showed	   the	   relative	   abundances	   of	   the	  wind-‐indicating	   diatom	  Fragilaria	   virescens	   (Figure	   1)	  
and	  how	   there	  was	   a	   relationship	  with	   this	   diatom	  and	  water	   column	   circulation	   (Hausmann	  
and	  Pientiz,	  2007	  and	  2009).	  However	  during	  the	  Anthropocene,	  the	  wind	  indicator	   increased	  
up	  to	  50%	  and	  the	  diatom	  flux	  was	  around	  four	  standard	  deviations	  above	  the	  Holocene,	  the	  
past	  10,000	  years	   (Hausmann	  et	  al.,	  2011).	  Therefore,	   the	  recent	   increase	   in	  storms	   is	  abrupt	  
and	   irregular.	   This	   experiment	   explores	   the	   explanation	   for	   this	   recent	   increase	   in	   Fragilaria	  
virescens	   populations	   by	   statistically	   comparing	   previously	   measured	   greenhouse	   gases	   and	  
cosmogenic	  isotopes	  archived	  in	  ice	  cores	  to	  the	  diatom	  flux	  (Hausmann	  et	  al.,	  2011).	  	  	  	  	  
	  	  	  	  	  The	  objective	  of	  this	  study	  was	  to	  determine	  if	  solar	  activity	  as	  indicated	  by	  10Be	  data	  or	  
greenhouse	  gases	  as	  indicated	  by	  CO2	  data	  was	  better	  correlated	  with	  Fragilaria	  virescens	  
counts.	  The	  diatoms	  can	  help	  determine	  if	  solar	  activity	  and	  sunspots	  were	  really	  the	  cause	  for	  
increased	  windiness	  or	  if	  CO2	  was	  also	  the	  main	  factor.	  	  
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MATERIALS	  AND	  METHODS	  

	  
Core	  acquirement	  and	  dating	  

Samples	   were	   collected	   from	   Lac	   du	   Sommet	   (830	   m.	   aslf.	   47˚43’N,	   70˚40’),	   a	   small	  
boreal	  lake	  located	  in	  the	  Laurentian	  Mountains	  near	  Quebec	  City,	  Canada.	  A	  30	  cm	  sediment	  
core	   was	   taken	   in	   2001	   with	   a	   Renberg	   corer.	   The	   sediment	   from	   the	   top	   10	   cm	   was	   then	  
segmented	   into	   2.5	  mm	   intervals	   and	   below	   that	   in	   5	  mm	   intervals	   (Hausmann	   and	   Pientiz,	  
2009).	  The	  samples	  were	  sent	  for	  210Pb	  anaylsis	  to	  the	  University	  of	  Toronto.	  Plant	  macrofossils	  
from	  seven	  depths	  were	  sent	  for	  AMS	  radiocarbon	  dating	  to	  Florida’s	  BETA	  Analytic	  laboratory	  
and	  then	  converted	  to	  years	   (Hausmann	  et	  al.,	  2011).	  Approximately	  1	  cm	  represents	  around	  
16	  years,	  but	  varies	  with	  depth	  (Fig.	  2).	  

	  
Diatom	  analysis	  

In	   order	   to	   test	   for	   reproducibility,	   3	   samples	   were	   prepared	   per	   depth	   and	  
approximately	   300	   key	   diatom	   species	   were	   identified.	   There	   were	   43	   available	   sediment	  
depths	  from	  the	  sediment	  core.	  Therefore,	  there	  were	  a	  total	  of	  129	  samples	  prepared.	  Empty	  
test	  tubes	  were	  weighed;	  the	  sediment	  was	  added	  to	  the	  test	  tubes	  and	  then	  dried	  in	  the	  oven	  
at	  105°C	  over	  night	  and	  reweighed.	  The	  known	  weights	  of	  dry	  sediment	  samples	  were	  oxidized	  
with	  hydrogen	  peroxide	  (30%)	  in	  order	  to	  remove	  organic	  matter.	  The	  test	  tubes	  with	  sediment	  
were	  placed	  on	  a	  hot	  plate	  to	  boil	   (100°C)	  until	   the	  samples	  were	  clear.	  Deionized	  water	  was	  
added	  to	  each	  sample	  and	  the	  samples	  were	  placed	  in	  the	  refrigerator	  (4°C)	  overnight.	  Excess	  
water	  was	  removed	  using	  a	  vacuum	  adapter	  and	  pipette	  tip.	  A	  known	  number	  of	  microbeads	  
(250	  µL)	  at	  the	  concentration	  of	  754059.4	  spheres/µL	  (diameter	  of	  6	  µm)	  were	  added	  in	  order	  
to	  calculate	  absolute	  diatom	  abundance.	  Using	  a	  pipette,	  each	  sample’s	  water	  and	  microbeads	  
were	  decanted	  and	  placed	  on	  a	  slide.	  The	  slide	  was	  made	  with	  new,	  round	  cover	  slips	  and	  clean	  
slides	   to	   air-‐dry	   overnight.	   A	   drop	   of	  Naphrax	   and	   toluene	  were	   then	   applied	   to	  mound	   the	  
diatom	   to	   the	   slides.	  The	  diatoms	  were	   identified	  using	  a	  DMRB	  microscope	  with	  differential	  
interference	  contrast	  (DIC),	  1000x	  magnification,	  and	  oil	  immersion.	  
	  	  	  	  	  Out	   of	   the	   129	   samples,	   between	   100	   and	   500	   valves	   were	   counted	   for	   each	   slide.	  
Freshwater	   diatom	   species	   were	   identified	   by	   grouping	   them	   into	   periphytic	   and	   planktonic	  
species	  according	  to	  the	  taxonomy	  of	  Krammer	  and	  Lange-‐Bertalot	  (1991a)	  and	  Camburn	  and	  
Charles	   (2000).	   A	   ratio	   of	   all	   diatoms	   per	   microspheres	   was	   used	   in	   order	   to	   calculate	   the	  
concentrations	  in	  each	  slide.	  Using	  the	  already	  published	  chronology	  the	  diatom	  concentrations	  
were	  converted	  to	  diatom	  flux	  (valves/cm2/year).	  

	  The	   diatom	   flux	   was	   calculated	   from	   the	   number	   of	   valves/year/cm2	   from	   three	  
samples,	   gathered	   from	   each	   sediment	   depth.	   CO2	   was	   inferred	   from	   organic	   carbon	  
concentrations	  (Etheridge	  et	  al.,	  1996).	  Sunspot	  activity	  was	  determined	  through	  past	  Coronal	  
Mass	  Ejections	   (CME)	  data	   (Lean	  et	   al.,	   1995).	   The	  diatom	   flux	  was	   compared	   to	   the	   relative	  
abundance	  of	  Fragilaria	  virescens,	  to	  past	  solar	  activity	  and	  to	  greenhouse	  gas	  data	  (Crowley,	  
2000).	  The	  14C,	  10Be,	  and	  CO2	  concentrations	  and	  dates	  for	  the	  years	  1096-‐1954	  were	  compared	  
to	  the	  past	  Fragilaria.	  virescens	  fluctuations	  counted	  from	  the	  slides.	  
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RESULTS	  AND	  DISCUSSION	  
	  

	  	  	  	  	  Diatom	  fluctuation	  was	  compared	  to	  temperature,	  solar	  radiation,	  and	  CO2	  concentrations.	  
These	  were	  compared	  through	  correlation	  coefficients	  (Table	  1).	  The	  degrees	  of	  freedom	  were	  
62	  for	  the	  diatom	  flux.	  The	  p	  value	  was	  0.42	  for	  the	  Fragilaria	  virescens	  (%)	  compared	  to	  diatom	  
flux	   and	   0.89	   for	   the	   Fragilaria	   virescens	   (%)	   compared	   to	   diatom	   flux	   from	   Hausmann	   and	  
Pientiz	   (2011).	  The	  diatom	  flux	  corresponded	  best	  with	  greenhouse	  gases	   (CO2).	  According	   to	  
these	   data,	   diatom	   flux	   was	   less	   related	   to	   10Be	   and	   14C	   concentrations.	   The	   diatom	   flux	  
correlated	  to	  CO2	   is	  most	  explained	  by	  the	  Little	   Ice	  Age	  (LIA:1550-‐1850)	  (Figures	  3-‐5).	  During	  
the	   Medieval	   Warm	   Period	   (950-‐1250),	   the	   ice-‐free	   period	   was	   longer.	   This	   warm	   period	  
allowed	  diatoms	  to	  flourish.	  Fewer	  diatoms	  were	  produced	  during	  the	  LIA.	  The	  LIA	  was	  a	  period	  
with	   the	   following	   sun	   spot	   minima:	   Spoerer	   Minimum	   (1460	   –	   1550),	   Maunder	   Minimum	  
(1645	   -‐	   1715)	   and	  Dalton	   (1790	   -‐	   1830).	  One	   additional	   possibility	   for	   the	   increased	  diatoms	  
production	  during	  higher	  CO2	  concentrations	  might	  be	  the	  redistribution	  of	  nutrients	  through	  
wind.	  Greenhouse	  gases	  may	  have	  enhanced	  surface	  winds	  at	  the	  study	  site,	  by	  displacing	  the	  
Jetstream	   northward	   through	   expansion	   of	   the	   Hadley	   cell	   (Crowley,	   2000).	   The	   Fragilaria	  
virescens	  began	  to	  increase	  during	  the	  LIA	  around	  A.D.	  1500.	  Fragilaria	  virescens	  is	  an	  indicator	  
for	  an	  unstable	  water	  column	  and	  this	  diatom	  increased	  towards	  the	  present,	  indicating	  more	  
wind	  (Figures	  3-‐5).	  

The	  current	  diatom	  flux	  data	  are	   from	  two	  different	   investigators.	  Therefore,	   the	  data	  
from	   Hausmann	   et	   al.	   (2011)	   did	   not	   correlate	   with	   this	   data	   because	   of	   a	   difference	   in	  
microsphere	  solution	  concentrations.	  Therefore,	  the	  cause	  for	  increase	  in	  the	  diatom	  flux	  was	  
greenhouse	   gases	   in	   this	   study	   and	   solar	   radiation	   in	   Hausmann	   et	   al.	   (2011).	   Further	  
comparison	  by	  counting	  a	  higher	  quantity	  of	  diatoms	  could	  help	  decrease	  the	  data	  points	  with	  
larger	   error	   bars.	   This	  may	   help	   the	   data	   to	   better	   correlate	   to	  Hausmann	   et	   al.	   (2011).	   The	  
relationship	   between	   the	   two	   could	   help	   to	   justify	   if	   greenhouse	   gases,	   solar	   activity,	   or	   a	  
combination	  of	  the	  two	  activities	  was	  the	  cause	  for	  diatom	  flux	  and	  increased	  windiness.	  
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Table 1. Correlation coefficients of diatoms archived in the sediments of Lac du Sommet and radiative 
forcings: solar forcing (Lean et al., 1995), 10Be from ice cores (Bard et al., 1997), 14C from tree ring records 
(Bard et al., 2000, and Lean et al., 1995), CO2 (Etheridge et al., 1996), and temperature (Mann et al., 1999). 

 10Be/Lean 
splice 

14C Bard/Lean 
splice CO2 Temperature 

Fragilaria virescens (%) 0.66 0.46 0.84 0.62 
Sum centric (%) 0.20 0.12 0.11 0.01 

Periphytic (%) -0.73 -0.57 -0.82 -0.59 
Diatom Flux 

(valves/cm2/year) 0.51 0.21 0.79 0.29 
 

 
 
Fig 1. Fragilaria virescens compared to a microbead under a microscope at 10µm. 
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Fig 2. Average year per depth found after radiocarbon dating for the diatom samples analyzed. 
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Fig 3. Comparison of the number of diatoms (planktonic or Fragilaria virescens) to global temperature 
over the past 1000 years.  Temperatureʼs correlation (Table 1) with the Fragilaria virescens or diatom flux. 
(A) Fragilaria virescens compared to global temperature (Crowley, 2000). (B) Planktonic diatoms other 
than Fragilaria virescens compared to global temperature. (C) During the Little Ice Age (1550-1850), there 
was a decrease in diatom flux (valves/cm2/year) and a decrease in temperature. 
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Fig 4. Comparison of the number of diatoms (planktonic or Fragilaria virescens) to radiative forcing over 
the past 1000 years.  Solar activity (Table 1) compared with the Fragilaria virescens or diatom flux. (A) 
Fragilaria virescens compared to solar activity (Bard et. al, 1997 and Crowley, 2000). (B) Planktonic 
diatoms other than Fragilaria virescens compared to radiative forcing. (C) The diatom flux 
(valves/cm2/year) and radiative forcing relationship. 
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Fig 5. Comparison of the number of diatoms (planktonic or Fragilaria virescens) to changes in CO2, or 
greenhouse gases over the past 1000 years.  Greenhouse gases are best correlated (Table 1) with the 
Fragilaria virescens and diatom flux. (A) Fragilaria virescens compared to CO2 fluctuations (Crowley, 
2000 and Etheridge et al., 1996). (B) Planktonic diatoms other than Fragilaria virescens compared to 
greenhouse gases. (C) Diatom flux (valves/cm2/year) and CO2 relationship (Table 1). 
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