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ABSTRACT

Due to difficult access to large lakes at the toh&eezing their hydrodynamic regime is
poorly known. In this study, we investigated th@ayics of temperature during the
formation of ice cover in 78 m deep Lake Paajansouthern Finland. Temperature
loggers and CTD were the main tools applied. Ihyeainter, the cooling rate was highest
in shallow areas and in bays where water exchaiitipetre central basin was lowest. At
the deepest point of the lake temperatures remaiestittally uniform until 3°C, after

which temperature was inversely distributed anthas also stratified. When open water
area decreased, water mixing by wind was draméticadiuced. In accordance with that,
we observed an increase in temperature and a dedreaxygen below the depth of 50 m
before the whole lake was ice covered. This meaaishieat and possible electrolyte flux
from the sediment increased the overlaying watasii so that it started to flow along the
rather steep sediment slopes. Our results helpderstand large scale and dynamic
translocations of water masses in early winters Tlain help interpretation and modeling of
oxygen consumption in deep lake basins in winter.
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TIVISTELMA

Jarvien ollessa jaatymisen aikaan vaikeasti sadaui@ on ymmarrettavaa, ettei
jaatymisvaiheen hydrodynamiikasta ole paljoakaetod. Tassa tydssa tutkittiin
yksityiskohtaisesti jaatymista edeltavaa lampotkehitystd 78 m syvassa Lammin
Paajarvessa. Havainnot tehtiin CTD-luotaimellajtmaattisesti rekisteroivilla [ampdtila-
antureilla. Veden jadhtyminen oli voimakkainta niléaalueilla ja lahtien poukamissa,
joissa veden vaihtuminen oli vahaisinta. Jarverkéds syvimman alueen ylapuolella vesi
pysyi pystysuunnassa tasalampoisena aftashakka. Sen jalkeen lampdtila oli pinnassa
aina alhaisempi kuin syvemmalla ja ajoittain vetspassa oli erotettavissa selva kylméa
paallysvesi ja lammin alusvesi - eli todellinen hi&#nen kerrostuneisuus. Taipumus
kerrostuneisuuteen liittyi ilmeisesti vapaan vasigialan pienenemiseen jarven jaatyessa
rannoilta kohti jarven keskustaa. Vesipinta-aldtuturiittdvan pieneksi sekoittuminen ei
enaa yltanyt pohjaan saakka, jolloin happipitoisaiési 50 m:n alapuolella laskea jo
ennen koko jarven jaatymista. Tama selittyy polfauksilla, jotka syntyivat sedimentin
lammittaessa ylapuolellaan olevaa alle neliasteistd. Lammennyt raskaampi vesi valui
kohti jarven syvannetta ja matkalla sedimentti Kilnsan veden hapesta. Saadut tulokset
auttavat ymmartamaan talven aikaisia vesimassoldeita ja hapen kulumista jarven
syvimmisséa osissa. Tuloksia voidaan hyddyntaa nigyden talvisten lampo- ja
happiolojen mallintamisessa.
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1. INTRODUCTION

Winter limnology “broke through the ice” first itn¢ 1940’s with Mortimer (1941),
who gave insight into water movements under iceugh physical and chemical gradients.
Then again in the 1960’s, people like Likens andsleta(1962) ventured out onto ice
covered lakes to describe lake heat transfer andlation using updated techniques. Since
Liken’s work in the 60’s, there have been a few kgowhich mention density currents,
latent heat transfer and vertical mixing (Likensl &agotzkie 1965, Welch and Bergmann
1985, Welchet al. 1987, Bengtsson 1996, Wetzel 2001, Kalff 2008w of these works
have studied a large, deep lake, which is the fottisis paper.

There is a general consensus that under ice dysaanéc vastly different from the
rest of the year simply due to atmospheric isotat&harp decrease in solar radiation, and
little to no wind turbulence (Welch 1985, Wetzel02. Largely due to severe and
sometimes dangerous conditions, under-ice wateardics have largely been avoided for
study; regardless, the importance of winter limggla@annot be ignored further. Water
movements and physio-chemical gradients have grepbrtance to a lake’s overall
metabolism (Mortimer 1941). Anoxic conditions thaise in late winter are especially
biologically significant (O’Sullivan 2005).

In this paper | have broken down the topic intoesalsections in order to examine
key features of physical and chemical conditiongaunce. First, and most importantly, the
role of temperature and the gradients that occiirbei discussed. Second, | will discuss
dissolved oxygen, which has been studied intensivEhen the physical aspects of the
under ice forces, such as density differences tatalisy pressures, will be addressed. In
the end, | aim to discuss how these aspects iatenpl the formation of early winter
gradients in a deep temperate lake during the foomaf ice cover.

1.1 Temperature

1.1.1 Cooling/ heating rates

Thermal conditions are the underlying factor drvoirculation beneath the ice when
the water is isolated from the atmosphere. In ¢eefiee months, the lake’s temperature is
a result of the heat exchange between the wateasndsphere (Bengtsson 1996). Once
ice forms there is relatively little thermal chan@engtsson 1996). Since underlying water
is insulated from freezing temperaturésgenerally remains between 0-4 °C (Meding
2001). Within this range, however, temperatureaases throughout the main water mass
has been broadly documented (Harrison 1863, Yogsiaim®37, Likens 1965, Billello
1968). Temperature may increase 0.5-2 °C from &dezce break-up (Bengtsson 1996).
Temperature changes are found within the vertioafilp, leading to the establishment of
temperature gradients. The establishiment of thegraadients is one indication there are
some differences in heating and cooling rates withe water column; though gradients
are also produced by a combination of cooling atgtrface and by gradual reduction of
open water area (Mortimer 1941). Hence water m@egmmust be minimal in order not to
eliminate these thermal gradients (Bengtsson 19%98&mperature profiles in a deep
Canadian lake, showed that bottom water was sagmtly warmer than rest of the vertical
water column (Kenney 1996). When studying heatind eooling rates Bengtsson (1996)
recommends a resolution on at least a daily saadeadso temperature measurements in
different areas of the lake, all of which we haweorporated into this study.



1.1.2 Heat Content

Likens & Hasler (1962) were the first to measusngport of heat under ice with a
radioactive tracer in a small lake. Welch and Beagr(i1.985) did similar studies, followed
by Bengtsson (1986) who used a tracer to studyrge ltake. The three main causes
contributing to warming were found to be: solariatidn, heat flow from sediments, and
inflow of warm water (Yoshimura 1937). Although kiks & Ragotzie (1965) and
Mortimer (1941) speculate that oxidation of orgamaterial may contribute to bottom
heating, Billello’s (1968) calculations show neddig contribution to bottom warming by
oxidation processes. Ice and snow thickness reduadmtion substantially limiting
heating effects to only the upper layers of wated anay nearly completely isolate the
lake. Solar radiation and temperature is at theekiwduring winter conditions (Agbeti
1995). Flow through of warm water is also case ifipesind seasonal, since in mid winter
small creeks are typically frozen and no longertgbuting to thermal conditions. This
leaves latent heat stored in the sediment duriagsttmmer months to be the contributing
heat source during the months of complete ice cdqortimer 1941, Welch and
Bergmann 1985, Kalff 2003). This resultant heatesponsible for convective currents
which prevent complete stagnation under ice (Magtiri941). Basin morphology, degree
of summer heating, and a combination of other emvirental factors contribute to the
guantity of heat held by the sediments (Wetzel 2001

1.1.3 Stratification

During autumn overturn, there is a loss of therstdtification and rapid decrease in
whole lake water temperature. Prior to freezing, ke continues to cool below 4 °C in
wind exposed lakes. The littoral regions cool magidly than the main body of the lake,
due to the smaller water volume and much longeizbotal distances to mix the water as
compared to vertical distances at the deepest.pdiherefore ice formation begins at the
littoral zone moving concentrically inward, increagy inhibiting wind effects. Inverse
stratification occurs when the surface temperataes at their lowest, wind induced
turbulence is prevented from the encroaching ic&icaand the latent heat is contributing
to the warming of the lower water layers (Agbetb3f In Agbeti’s (1995) investigation,
both lakes studied became weakly thermally steatiluring ice formation, and became
isothermal before ice cover and at ice break upamitcipated. Seasonal mixing and
stratification also affect utilization of dissolvedganic carbon (Bradelt al. 2007).

Broadly, Wetzel (2001) defines inverse stratifioatas a state in which colder water
lies over warmer water. More specifically this pajgemarcates between stratification
versus a distribution. A period consisting of adcelpilimnion, thermocline, and warm
hypolimnion, we define as true inverse stratifioatiFor all other times, when colder water
gradually and consistently warms towards the laboln, we describe this as an inverse
distribution.

1.2 Oxygen

Dissolved oxygen is an effective characteristict treveals a lot about a lake’s
metabolism. The balance between the oxygen suppdly the metabolic consumption
defines the total amount of dissolved oxygen iakel The sediment-water interface is the
main site of oxygen consumption (Brewer 19Bvadely 2007) In part, the rate of oxygen
consumption is governed by the distance from tlinsents and the oxygen concentration
within the water (Babin 1985). Similarly, Agbeti9d5) found dissolved oxygen was
nearlysaturated (11-15 mg') in the top 3 m, but declined to near anoxic levetar the



sediment surface. As a general rule of thumb, we say that the concentration of
dissolved oxygen decreases with depth (O’'Sullivads2 Barica, 1979).

1.2.1 Depletion

During periods of ice cover the lake’s oxygen irgpotten effectively cease. There is
no atmospheric inputs from wind aeration due tocioeer (Agbeti 1995, Bengtsson 1996,
O’Sullivan 2005). In addition snow reduces incomiagliation therefore photosynthesis
becomes negligible (Schindler and Nighswander 18&hgtsson 1996, Kenney 1996).
The loss of thermal stratification and decreasdemperature, contribute to increased
dissolved oxygen concentration throughout the whake before freezing over. Contrary
to past studies which show oxygen saturation lexeB0-100% prior to freeze up (Barica
and Mathias 1979); Babin (1985) found dissolvedgaxy levels surprisingly low at 69%
saturation at fall turnover. Timing of winter oxygelepletion in deep water will be an
important factor to investigate; this may even hdggfore final freezing, if water column
will become inversely stratified.

1.2.2 Biological effects

Until ice cover, lakes undergo drastic and sometimapid temperature changes
caused by wind turbulence and decrease in irradiasovell as heat flux thus resulting in
the redistribution of nutrients and other elemahtsughout the water column (Alvarez-
Cobelas, 2005). In Finland, photosynthesis isugity absent in mid winter due to low
solar radiation and ice/snow cover, thereftimie oxygen change may approximate the
lake’s respiration, similarly in Canadian Arctic &¢h and Bergmann 1985). A further
handicap in winter for autotrophs is the reducegighat period and the low angle of direct
solar radiation (O’Sullivan 2005). Freeze out ahdtpsynthesis produces oxygen during
the early winter, which is balanced by the oxygensumption from biota and decaying
organic matter (Meding, 2001).

These combined physical and chemical processe<taffie biology of water
organisms which are dependent on the distributfooxggen (Meding 2001). Variation in
community structure is related to physical and doahgradients with depth and time
intervals, across seasonal transition from autuamnower to winter ice cover (Pearce,
2005). There have been several studies lookingaatehioplankton or phytoplankton
movements under ice, whose spatial variations efiadogical processes (Cloern 1992,
Mehner 2005). Heterotrophic bacteria at the sedimeater interface in lakes influence
organic matter cycling (Bradelst al. 2007). Stanzel (2004) found oxygen consumption
correlated with increased temperature and notetl ghdiment surface was generally
warmer. O'Sullivan (2005) notes that despite therel@sed light, temperature remains the
limiting factor controlling the growth rate of algaChanges in timing and duration of ice
cover will lead to marked changes in the structofethe bacterial and plankton
communities.

1.3 Physical Conditions

1.3.1 Stability

In the autumn, the water surface cools, reduciegdénsity difference between epi-
and hypolimnion, gradually degrading the mixingdayleeper and deeper until finally
reaching the bottom (Mortimer 1955).

Due to sediment absorbing and storing heat throutgttte summer, the bottom
remains warmer than the overlaying water (Welch &sigmann 1985, Kalff 2003,



Bengtsson 1996). In large lakes with water temtpesawell below four degrees the
difference in temperature, which is highest dutimg fall, results in the warming of near-
bottom water and hence makes the warmed water deonsgpared to the cooler layers
above. In winter, cold temperatures and little admreshwater runoff create conditions for a
cold and light surface water layer. This initiateboundary layer promoting stratification
and little oxygen renewal to deeper layers (Ho(85).

As soon as ice at the lake margins spreads wideigkngo that wind induced
turbulence no longer is able to destroy the derggiidient, a density current along the
sediment slopes is created. Consequently, deag lakes may begin to stratify inversely
even before final freezing. At the same time theomdary currents such as density
currents, allow diminutive oxygen redistributiordameat transport (Bengtsson 1996).

1.3.2 Density differences

Density differences are small between 0-4 °C, thesgthere is only a minor density
gradienf and this gradient is enough to cause inverseifgtedion, where cold water is
above warmer water (Wetzel 2001). However inversater stratification is easily
disrupted by small amounts of wind energy (Wetf$1). As long as there are cold, calm
days during ice formation, inverse stratificati@n@ppear even before complete ice cover.
Plenty of wind may cause the temperatures to fibw maximum density of 4 °C; if this
is the case then heat flux will increase densitywater in contact with the sediments
contributing to the sediment surface currents atbegoottom.

Freezeout and heat are the driving factors of wioteculation (Welch 1985). In
freezeout, the expulsion of gasses, elements, atal tlissolved solids during ice
formation, causes a concentration of salts whicheise water density in turn contributing
to both horizontal (Welch 1985) and vertical cutser{Schindler 1974). Directed
circulation from the littoral zone to the centre thie lake is an important distribution
mechanism for nutrients and other chemical andobioal constituents (Kenney 1996).
Increased density by electrolytes in the waterassist in the flow of water sliding down
sediment slope to deeper parts of the lake (O\&nli2005). Salts frozen out during ice
formation or from sediment along the descent carfdoed near bottom and make it
possible for bottom water to be warmer than 4 °Ggllivan 2005, Wetzel 2001). Density
instabilities may result from solar radiation peaghg the ice especially nearing late
winter (Bengtsson, 1996). Heat transport by curdagrades the ice cover in late winter
weakening ice cover, rendering it hazardous foiasertravel (Kenney 1996).

1.3.3 Flow along sediment surface

Physically, the sediment surface interface is tarsition layer from fluid (water) to
solid (sediment) (Danovaret al. 1998). Previously established, is how the sediment
warmed from the previous summer, release heaetadiacent water in the winter, making
near bottom water warmer than upper water layénsaddition, surface layers are made
denser due to freeze out. This provides the platfimr the density currents to form. Water
just beneath the ice is transported laterally tolwathe shore, subsequently coming in
closer contact to the sediments, which resultshen dcquisition of heat; water becomes
denser, thus continuing to sink along the bottonit geécks up heat (Hutchinson 1938,
Likens and Ragotzkie 1965, Welch and Bergmann 198&lch et al. 1987, Bengtsson,
1996, Wetzel 2001, Kalff 2003). Chemical exchangetsveen the sediment and water, for
instance oxygen uptake contributes to the densityeats along the sediment surface
(Wetzel 2001). In this way sediment’s heat contaitributes to overall lake circulation,
mixing a large portion of water under the ice (Ntodr 1941, Agbeti 1995, Bengtsson,



1996, Kenney 1996). The mixing process undersca fake wide baroclinic circulation

directed from the littoral zone to the deeper péfenney 1996). Through this circulation
regime, it is clear that stratification and dengitadients, which take into account both
temperature and pressure, in the water columntadiezrall circulation.

1.4 Objectives

Our study incorporates three disciplines, physisat flux and water flow),
chemical (redistribution oxygen), and biologicalfeets (bacterial population), to
investigate the dynamics of the winter freezinggghaf inland lakes. The period of ice
cover formation (December-January) will be the aiynffocus of my discussion.

In winter, low concentration of dissolved oxygendeep areas of large, ice-covered
lakes is due to the occurrence of thermal densitseats flowing over sediment surface. A
significant part of the oxygen uptake of lake sesfitnis transferred to the deepest part of a
large deep lake in the early phase of lake freepagially before the final freezing. Thus
our primary focus is to investigate temperaturedgmats and the oxygen dynamics.
Directed circulation from the littoral zone to tleentre of the lake is an important
distribution mechanism for nutrients and other civamand biological constituents
(Kenney 1996). Increased bacterial numbers in deepéers is hypothesized, due to the
sweeping of water along the sediment surface bgitlegradients.

The extent at which the sediment transfers hedis, snd bacteria is unknown yet.
Also with inverse stratification there may be maemplex processes driving winter
circulation. Despite the handful of literature thmdints toward circulation mechanisms
there are still discussions about the winter cusseimder-ice oxygen consumption, and the
dynamics of the sediment surface flow.

2. MATERIAL AND METHODS

2.1 Study Site

The study was conducted at Lake Pagjarvi (Fig.h),oBgomesotrophic lake in
southern Finland (61°04" N, 25°08" E) during Decem2005 through January 2006 and
then the following winter starting in January 200he lake has an area of 13.4%and
mean depth of 14.4 m (Arvola, 1996). Our sample sias 75 m deep and about 400 m
from shore. Helsinki University’'s Lammi BiologicBield station was our staging post and
laboratory during the data collection period.

Table 1. Temperature logger chain locations alarty the steep and gentle slope of Lake Paajarvi.
The transects ran from the deepest point towaslslibre

Logger Chain  Coordinates
North East
20m steep 61°03'617 25°08' 232
40m steep 61°03'457 25°08' 381
75m 61°03'305 25°07' 700
40m gentle 61°03'396 25°07' 623
20m gentle 61°03'429 25°08' 662
10m gentle 61°03'640 25°09' 160
5m gentle 61°03'568 25°09' 359
2m gentle 61°03'622 25°09' 461
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Figure 1. Bathymetric map of Lake Paajarvi, shautime location of the deepest point and the
2007 temperature logger transects.

2.2 Sampling Regime and Analysis

During the lake freeze over period, chemical and/sigal parameters were
measured, and bacterioplankton samples were catlesndd analyzed. Lammi Biological
field station provided weather station readings.

Samples were taken at the deepest point biweekipglthe freeze over period. In
addition, temperature logger chains recorded cuoatiy throughout the sampling period.
There were twaemperature transects, during 2007, first one nmreast following a
gradual slope towards the shallow regions neaisfaeds. The second transect ran from
the deepest point progressively towards the sowtbleore which has a very steep slope.
Depending on the amount of ice cover, access tdekeest point varied. In the beginning,
we sampled via motor boat, and then later as malrgia was sufficiently thick, we had to
push a row boat until it broke through the ice avelcontinued to the deepest point by
rowing. Finally upon complete ice cover, we couddhple the deepest point on foot. Water
samples were obtained using a Limnos water sampgmeter intervals from the surface.
All 100 ml glass bottlesvere kept in plastic foam boxes immersed in lakéewanow
mixture until processed in lab less than two hdaes.

Dissolved oxygen determinations were essentialbpating to the Winkler method
with the use of Mettler Toledo DL53 (V2.4) titratased with LabX computer software
(Carpenter, 1965). In 2007, dissolved oxygen waasmeed by an Aandera oxygen optode
and temperature sensor (model 4130) coupled wghQRD. Water temperatures, depth
and conductivity were measured using AML MicroCTD/8, Applied Microsystems. The
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temperature profiles come from the logger chainggusStarmon Mini temperature

recorder (manufacturer: Star-Oddi, Iceland), terapge range -2 - +40 °C, absolute
accuracy * 0.05 °C, average resolution about 0%Cl4Dissolved inorganic carbon was
determined according to Salonen (1979). Bacternitan were filtered as per Bergstrom
et al. (1985) stained with acriflavine, filtering 1ml simple and 5 ml of Millipore GS

filtered water onto a black Nuclepore (0.2 pum) memb, then using immersion oil to
mount them onto microscope slides. Bacteria comagohs were determined from

pictures taken from the epifluorescence microsdbea transferred into analySIS® 3.0
Soft Imaging System. Due to difficulties with pneitates and general subjectivity, our
way of systematically counting the samples wasrly change the red threshold in the
program, in order to determine which bacteria wirebe included in the count. Five
random images of the microscope fields were evetudbr total bacterial count then
averaged for the analysis.

3. RESULTS
3.1 Temperature
3.1.1 Air temperature

December 2005- January 2006 date January 2007 date

26.11. 6.12. 16.12.  26.12. 5.1. 15.1. 25.1. 29.12. 8.1. 18.1. 28.1. 7.2. 17.2. 27.2.

5 I I ‘ I I I I 5

9.3.

0

SN SR

-15

AL l\]f oA
I

-20

-20

Average Daily Temperature (C)
Average Daily Temperature (C)

|
v k] - U‘ N T\
1

-25 ; -25

!
-30 1 -30

Figure 2. Daily average air temperatures duringetimdy winters of 2006 and 2007. The dashed line

indicates the formation of complete ice cover.

During December 10 to the 02005 ambient air temperatures fluctuated, with no
trend lasting longer than 3 days, between 3 °Q&€. Likewise in 2007, air temperature
fluctuated roughly every three days during the ipeeeover period. It also took two calm
days at below -6 °C to initiate ice cover. Duringg@ks before the onset of ice, there were
10 days above 0 °C in 2007 compared to 2 daysQb geig. 2).
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3.1.2 Water temperature

In this deep northern lake, the isotherms showad ith2005 the complete autumn
overturn was becoming incomplete two weeks befoeeférmation of ice. In 2007, when
freezing happened much later, that phase was réadready more than 3 weeks earlier.
Once ice cover was established there was no lorggical mixing characterized by the
stabilizing temperatures at certain depth interiaig. 3).

In 2005, ice cover development began with thin nmalgice on December 13. By
December 20th there was thick shore ice; both arintise lake were completely covered.
There was stacked ice in the centre basin exteradogt 75 m from shore; 0.5 cm thick
ice extended about 50-75 m from the stacked icerbedpen water. Overnight 30 m more
ice had developed, even the buoy marking the de@oast had been frozen in the early
morning, but by the time samples were taken theelepoint was again part of the ice
free area. December 22, 2005 and January 21, 2@0kernh the first day of complete ice
cover. By December 382005 there was 3-5 cm thick ice at the deepdst.po

Date January 2007

\/ ﬂ ]
M 2.5
\/W 12

-10

-30
-40 1]
-50 1B
-60 il

0.5
-70 ol

25 30 35 40
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Date December 1, 2005- January 2 2006

0 5 10 15 20 25 30

Figure 3. Isotherm plots at the deepest point dfelLB&ajarvi using daily averages at every 5 m
intervals. The vertical lines indicate the firsyydaf complete ice cover.

In 2007, marginal ice started to form after Janue. It took a sharp decline in air
temperature to disrupt the uniform temperatureritistion, so that a respective decline in
surface temperature was noticed just prior to fiineézing. Surface temperatures were
much cooler in 2007 despite the warmer air tempegatpreceding the freezing compared
to the 2005-2006 winter; longer cooling time didt mequire such low temperatures to
complete ice cover. Once ice cover was establishe2)07 the mixing layers were fewer,
but cooler (1.3 °C > x < 2.1 °C), than in 2005-20f6ter (1.5 °C > x < 2.7 °C) (Fig. 3).

Vertical temperature profiles were uniform untild@enber & . Before the ice started
to form the entire lake body had temperatures b&d®\C and 2.1 °C, for 2006 and 2007,
respectively. The surface layer temperatures weverng at the 1 °C prior to the onset of
ice cover, after which the surface layers had stemdrginal increases from 1.05 °C on
December 23, 2005 through to a high of 1.40 °C aand”, 2006 (Fig. 4). In both years
the upper 20 m stayed between 1-2 °C, whereasott@r 25 m stayed above 2.0 °C (Fig.
3). The isotherms also show the rising of bottomperature after ice cover (Fig. 3).

With air temperatures fluctuating from 2.3 °C to4-6C for 3 weeks, the lake body
steadily cooled in 2005 but it took two more cottags of days below -10 °C to finally
have complete ice cover (Fig. 3).
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Figure 4. Daily temperature profiles through thetewacolumn at the deepest point on Lake

Pagjarvi. Temperatures were taken at 23:30 nidghtlyemperature loggers in early winter 2006.

The black vertical line emphasizes temperaturevbel® 3°C, when a negative gradient towards
the surface started to develop. The thick hatciel (22.12.05) is the first day of complete ice

cover. All dates prior to ice cover are dottedemfte cover the inverse temperature gradient is
established, all lines are solid.

This temperature profile (Fig. 4) provides an altgive to view temperature
dynamics, which are not as clearly seen through islbéherms. It shows the steady
reduction of temperature starting from > 4.5 °Cijluhe upper layers freeze and bottom
layers stay above 3 °C. First full ice cover wasD®etember 22, 2005 and January 21,
2007; almost immediately after the ice’s insulatprgperties take effect (Fig.4). Initially
the whole lake was extensively mixed, thereby hgwmiform temperatureeduction
throughout the water column, especially eviden2005. In both years, with marginal ice
beginning to form (about 10 days prior to compietecover) the lake body was no longer
uniformly mixing. The upper layers cooled from 3G to about 2.7 °C, and then only by
December 18 did the water column begin to stradyentially (Fig. 4).

During the same time, thin but wide spread ice ddatbst completely covered the east and
west arms and air temperatures plunged to -12H€& coldest temperatures at that time
(Fig.2). From the 19th -21st there was dramat#éd mverse stratification, when the upper
layers are colder than the bottom. The metalimnimuld be between 10-20 m depths.
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These same dates also include the coldest watgretatares; December 21 being the
coldest, with bottom (75 m) temperatures dippin@0 °C and at 5 m as low as 1.1 °C.
However, this inverse stratification soon disappdaafter full freezing and normal winter
time temperature distribution occurred.
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Figure 5. The temperature change below 50m usiily deerages in Lake Pagjarvi in 2005 and
2007.

In 2005 there was a rapid decrease in water teryverfeading up to the complete
freeze period from December 18-20. Then also bottemperatures decreased by 0.1
degree in two days (Fig. 5), which is a considerathiange since the lower depths had less
turbulent mixing than the surface layers. In corgmar, the upper layers showed a similar
sudden temperature decrease December 19 but ia fedksdegree drop, ten times higher.
There was evidence of warming in deep water alrdeedgre the final ice formation (Fig.
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5). After the formation of ice cover there is a gradbat steady increase in temperature
below 50 m. The 75m layer showed, in both yearshighest rate of increase (Fig.5).

3.1.3 Transect profiles
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Figure 6. A comparison of the temperature profile2007 along both the steep (jyr) and gentle
transects starting on Januafy @ior to ice development, then January When marginal ice has
formed, then on January 21 when all but the degu@st has ice cover.
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Before the final freezing there were cool phaseth@near to surface layers which
disappears soon after freezing, evidently by spngdaorizontally under the ice of the lake
margins. On 12-16 December 2005 and 1-4 Jan 200&@r but temporary inverse
stratification formed (Fig 4 & 6).

Prior to the development of marginal ice in 200@,r2 and 40 m profiles, on the
gradual slope, already began to stratify. Then eetwJanuary"8and 18 the full lake
area had its last complete chance to mix. The tespes on January &how a uniform
profile, a near vertical temperature gradient whereperature varies little throughout the
water column, for all but the shallowest pointstioa lake. The 2 m and 5 m points show a
decrease in temperature on Janual¥, béit this is because on this date initial ice fedm
These points are the first to be covered by iags this temperature decrease is expected.
Surface temperatures show a drop in temperaturatdbe time that ice is formed over
that particular location. Once ice was establishiegl insulating effects were noticed with
the increasing profile temperatures. On Januarywdien all but the deepest point are
frozen over, all points show the characteristiceise distribution , but at the deepest point
a true inverse stratification is observed

3.2 Dissolved Oxygen
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Figure 7. Dissolved oxygen saturation in Lake R&&furing the freezing period. In winter 2007,
oxygen concentration was measured using CTD only.

During the early season, DecembBratid 9' 2005, both the oxygen and temperature
profiles were uniform throughout the water columithviemperature <3.5 °C. It seems that
after December ) when temperature was periodically inversely Hteat dissolved
oxygen in deep water started to decrease (Fi@dff)December 282005 and January 10
2006 there showed declining oxygen levels, esggdram 50 m to the bottom. Above 20
m there was relatively little change between 2 daysr to freeze and a week afterwards
during the 2005/06 season. The 2007 results asepeecise since they came only from
CTD and not by titratiorbut still yield good idea of relative vertical dibution of oxygen
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concentration. Lake Paajarvi is oligomesotrophiicis quite oxygen saturated throughout
the lake at all times, with levels not droppingdvel10 mg/L during the winter months

(saturation concentrations are 14.6 and 13.1 mgy/l0/0 and 4.0 °C, respectively). In 2005
oxygen saturation behaved as expected with deogaskygen once ice formed.

Surprisingly in 2007, oxygen profiles show a 5%réase in oxygen after ice cover is
established (Fig. 7).

3.3 Dissolved Inorganic Carbon
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Figure 8. Vertical distributions of dissolved inargc carbon concentration in Lake Pagjarvi during
the freezing period of the year 2006.

The dissolved inorganic carbon is a reciprocal &aitioxygen; decrease in oxygen
and increase in carbon dioxide reflect respiratates The daily averages jump back and
forth, which probably reflect fluctuation in caldiron. For example December 1 had the
highest levels (3.6 mg/L), on the 13th it was thwdst readings with the average at about
3.4 mg/L (Fig 8). Instead, the relative verticadtdbutions are most important and show,
in agreement with oxygen results, uniform conceiutng during the freezing period. Only
on January 10th below 55 m there was an indispaikponential increase in DIC.
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3.4 Bacterioplankton
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Figure 9. Comparison of relative difference in dges in the vertical bacterial profiles throughout
freeze over in Lake Paajarvi.

In early December 2005, the bacteria densitiesdbydallow similar trends amongst
all dates sampled. There is a small peak at 10 dipp at 20 m, and then a huge and very
similar peak at 50 m (Fig.9). During the rapid retitn in temperature throughout the
lake, we also notice a similar decline in bacteléasities, especially at 50 m. This could
be correlated with temperatures below 3 °C. Ondter hand, temperature is not the
decisive control ofbacterioplankton densities. For instance on DecerBlie the water
temperature is essentially uniform, but it is aise date when bacteria densities show the
widest variability throughout the water column. Fréhese bacteria results we can hardly
extract any significant features simply due to wasiability. Even the maximum relative
density at 50 m may not be accurate althoughstiezessively so three times. Considering
the inconsistencies and time restraints, bacteardqbn was not collected in 2007.

4. DISCUSSION

Currently our understanding of under ice circulatiand physical dynamics is
formed from the investigations of temperature grath, oxygen consumption rates, and
density differences. Only by understanding wherd amen these mechanisms occur
within the lake can we interpret the interplay ampdhese forces, observing how they
influence the movement of water under ice. Furtiew these forces affect the biology,
and chemical functioning of lakes in winter beconmaportant. Ice cover seals off wind
induced turbulence and accompanying atmospherieogasexchanges and can retard



20

sediment-nutrient exchanges (Agbeti 1995, Bengt4€996). Therefore this reduction in
vertical mixing sets winter conditions apart frome trest of the ice free period (Holte 2005,
Kenney 1996). Sediment heat flow generates coroedirculation but is still dependent
on the temperature difference between the sediar@htwater plus the differences found
within the water column (Bengtsson 1996pnvective currents induced by heat flow from
the sediments lasts throughout winter but are sk (Bengtsson 1996)

4.1 Temperature

From November to mid December 2005 the water colwas completely mixed,
temperatures were uniform throughout depth prafilesugh in 2007 the water column did
not fully have a uniform temperature profile. Ag therimeter ice began to form, there was
less mixing, more extreme temperatures, and sondona variation which contributed to
the temperature fluctuations observed through fiteeeprofile between December 10
and until full ice cover establishment on Decem®2y 2005. The upper layers show the
highest daily fluctuations, due to close exposarainbient air. Higher cooling rates in
open water led to lower temperatures during thezireg period in the middle of the lake.
According to our temperature logger transects,stilow areas were only warmer after
the establishment of ice cover, otherwise therbit@reas were cooler than the central
basin surface water.

As ice formed concentrically towards the centre, tmperature transects showed a
drop in surface temperatures just prior to the ftiom of ice. Both at the observation
depths of the 20 m and 40 m on the gentle slopeséxa, truestratification was observed
prior to ice cover. Contrastingly on the steep sjape 20 m and 40 m logger chains did
not show inverseatratification. The short distance between loggents appears to ke
key factor; since the horizontal distance was slibe displacement of water masses with
different densities had enough time to wipe ouatsication before it became visible.
Once air temperature was below -5 °C and with nodwthe remaining lake area froze
over. After complete ice cover the thermocline wasidly disbanded. The continued flow
inward of the deep warm water sets up the finalpenature gradient seen from ice cover
onward. A stabilizing effect was evident at eacptdefter ice completely formed (Fig 3).

Typically winter lake conditions do not permit imge thermoclines to develop when
the lake cools below 4°C (Kalff, 2003). Howevert o brief period of time (< 3 days)
inverse stratification was detected. Because tldirgprate of water at the lake margins
exceeded the advection rate of water between tke ¢antre and margins, ice cover
gradually grew from the shoreline towards the laestre. In this phase, windy and
sometimes milder temperature periods periodicaityded or even broke down inverse
temperature stratification created during cooled aalmer periodsWhile the exposed
centre water was within fractions of freezing, th@rmer ice insulated water moved and
sank, causing displacement of the deep cooler watés the centre basihen all but
the central basin was ice covered inverse stratifia was initiated; as demonstrated by
our results, this stratification can even occurobel °C. However, the resultant truly
inverse stratification periods remained short livedhen windy period were over, the
cooler and lighter water at the margins soon flowedhe top of the recently mixing water
column re-establishing more gradual inverse distiiim of temperature.

Changes in air temperatures are not immediatelyesemted throughout the water
column. There is a time lag between when the anptrature drops and when the water
temperatures show a temperature decrease, maielyodwater’s greater heat capacity as
well as the shear volume of water at 75 m deptme@Galy the surface water temperatures
were near to that of the air, but below 15 methestemperature increases or decreases
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would happen a day later. One should keep in mhat these parallel temperature
fluctuations are all relative, and dependent ondwéffects, for the 10 °C air temperature
change in two days resulted in <0.05 °C differemtethe bottom 40 m. Inverse

stratification was coupled with the sharp declineair temperatures just prior to final

freeze up.

4.1.1 Wind effects

Wind effects cause increased mixing, resultingoimger ice formation times, more
temperature layers, and heating caused by the fegeient up-wellings. Due to very
small temperature specific water density changes A€°C even light winds can disrupt
any resistance to mixing. Therefore, according &iff(2003) there should be no inverse
thermocline. In spite of that, we have observedddmns where inverse stratification
appears. However, this is reasonable within theestrof gradually reducing area of open
water during freezing. Ice cover at the margingheflake reduces mixing by wind, which
again can lead to only partial mixing of the watetumn and brief, inverse stratification
periods in open waterWind induced mixing continues to cool the watedyantil the
upper layers reach freezing. Our data suggesthbeg is a brief inverse stratification only
when the lake has ca. 50 % ice cover. Due to wicttb and daytime highs the thin
central ice was continually decreasing only to mef@gain during the night thus delaying
the freezing time. The area of stacked ice wasyligpoduced by the same mechanisms, as
the wind broke up and piled the central ice agatinstshore. When the lake was mixed
lake temperatures more closely followed ambientexinperatures (Figs. 2 & 3). Deeper
mixing events and more frequent temporary invetsdiication periods (Fig. 3) in 2007
indicate higher wind effects as compared to 2005

After complete ice cover there was no longer ang temperature stratificatidsut
only an inverse temperature gradient. Below 40 envihter temperatures were greater than
2 °C and increased towards the bottom. Near théhere was a steep temperature gradient,
which indicates minimal mixing between layers. Tinst day of bottom warming was the
day before complete ice cover, December 21, 20Gwhe bottom ten meters warmed by
0.015 °C from the previous day. This supports ggokhesis that warming can be initiated
before 100 % ice cover. Evidence of warming atsth@iment surface was delayed in 2007
by nearly a week after ice formation, probably due¢he differences in duration between
complete mixing and formation of ice cover.

4.2 Oxygen

Oligotrophic lakes in theory should have higher gety saturation near to 100 %
because there is less biota to consume oxygenhamefdre these types of lakes have an
orthograde vertical profile, as seen in 2007 ind.d&&ajarvi. Initially the 2005 results
showed fairly uniform profiles of dissolved oxygeancentrations in the early part of ice
cover. Dissolved oxygen is quickly depleted at gSesliment water interface bthe
bacterial assemblages; once oxygen is depletetatieria therefore must shift to utilize
less energetically favored acceptors, like nit{@eadelyet al., 2007). Temperature has a
significant positive effect on oxygen consumpti@tahnzel, 2004). Although temperature
and oxygen consumption certainly are correlatedhis case the correlation is not only
due to activity/temperature relationship, but athee to transport of both consuming
bacteria and temperature increase. As supportezlibylata, there is a rapid decrease of
oxygen in the bottom 50 m, where temperatures amvea 2 °C. Advection from the
sediment surface has compounded the effect of asere temperature on oxygen
consumption (Stanzel, 2004). Carbon utilizationresahave varied due to temperature
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differences proportional to the temperature rarggeall variance during winter mixing
corresponded to a small temperature range (<1 B€&)dglyet al., 2007). The surface
water cools due to the colder nights and is infieehby wind. After fall overturn, the

Paajarvi was nearly 80% saturated with dissolvegyer, with 10-1mgO, (L™ In in any

freshwater lake close to sea level 100% saturaion3.1-14.6 mgO, L™ at water
temperature range of 4-0 °Generally, dissolved oxygen concentration has lseem to
stay constant or only increase slightly during finet few weeks after freeze up (Barica
and Mathias 1979, Jackson and Lasenby 1982, TrirmhddPrepas 1988). In concert our
data also showed that, oxygen concentration inectagter freeze up, though we found
that dissolved oxygen changed more suddenly. Oserghble oxygen increase happened
within 6 days of ice cover instead of weeks lagerfound in the other studies, most likely
a reflection of freezing rateslowever, decrease in oxygen became evident clémiedy
than the rise in temperature.

Especially in 2007, freeze out alone could not hattebuted to the observed 5%
increase of dissolved oxygen throughout the entirater column. According to
calculations the amount of oxygen released fromestanated ice volume could only be a
contributing factor to the observed oxygen increafier freeze up. It seems likely that
calibration errors in the determinations was thenidate cause for the increase. Bottom
dynamics were also more significant; there wasrgeladecrease in dissolved oxygen
within the bottom 10 m within only a week followirggpmplete ice cover in 2005, but not
in 2007. In the initial days following freezing ambt temperature affects the variability in
the rate of freeze out (Meding and Jackson 200bng@ient with other findings, the
amount of oxygen decreases with depth after ttad fieeze, when there was a decrease in
oxygen from 60m downward (O’Sullivan 2005, Barica72) Before final freezing the
oxygen profile is constant from below 20 m duringl idecember.

Light levels were too low to facilitate photosyngie since the snow cover on Lake
Paajarvi was more than 20 cm, which is sufficienréduce incoming light by 95-99%
(Welch and Kalff 1974). With photosynthesis inhdalf the oxygen dynamics become a
function of organic matter decay and respiratior¢vig and Jackson 2001). The extent to
which these influence the entire lake’s oxygen hedais determined by climate and
morphometry (Mending and Jackson 2001). In deegslakth low surface area to volume
ratio there is a relatively small influence on ogggproduction from the water-ice interface
(Meding and Jackson 2001). Our data shows thatateeat which oxygen is consumed is
different in different water layers, especially sdmeneath 50 m depth in the dissolved
oxygen and DIC trends.

4.3 Sediment Surface Currents

As the sediment-surface water of Lake Paajarvi vgamwinter its density increases
and thus water should descend. Dissolved solutésefuhelp to increase the water density
enhancing the warm water to flow along the slogeh® lake bottom. From the sediment
there is a net transfer of electrolytes to theaurding water and there is progressively
higher conductivity with depth. Also in this way dtaria might get re-suspended. On
December 8, 18, and 902005, the last measurement at 75 m, saw a spikmdteria
numbers as compared to just five meters highehénwater column. Mortimer’s (1941)
results also demonstrated that turbulence assdath the horizontal water flow was the
main mechanism of heat and chemical exchange eletditvidence on the rate of change of
temperature and dissolved oxygen demonstrate thatetwas water movement
horizontally towards the deepest basin of Lake &%#&jTherefore a vertical compensation
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flow, as proposed earlier by Welch & Bergmann (0)98&ust have been existing in the
central basin of Paajarvi, too.

4.4 Bacterioplankton Patterns

Throughout the fall overturn and mid winter thetdiition of bacteria was highly
variable, not only among sampling dates but evethiwi 10 m. Methodological
constraints/inexperience probably contributed ®high degree of variation shown rather
than from true variation within the system. Compding factors to the profile variability
was the quality of the slides. Some samples hadiptate and high background
fluorescence which made within sample sets higlayable. Jones (1974) also suggests
caution when using fluorescence techniques duendb,only subjectivity, but also the
sensitivity of the counting procedure. Some deptaples were entirely uncountable such
as those with unexplained precipitates or thosh wétro fields. It can be seen that before
ice cover, bacteria congregate at 50 m, which meaghle only indication of a real trend,
but this too might be uncertain. In Pearce (200&)tdrioplankton community structure
was found to be constant with depth during timekké mixing. In contrast, even in early
December when both chemical and physical propeatiesconstant throughout the water
column, the bacteria densities are highly incoesistThe situation changed so rapidly
within shallow depth ranges, that it is difficutt tnderstand the true driving mechanisms
of bacteria densities and to explain the large &80 m. Therefore due to the variability
of the results, no conclusions can be drawn noibdicterioplankton sampling continue in
2007.

4.5 Conclusions

Even after knowing about sediment surface interfdgramics and the density
currents Kalff (2003) still simply describes thentér arrangements under ice as “stable”.
This is only quantitatively true in relation to tle¢her active seasons, but this study has
demonstrated there is more to winter lake dynaihi&s what is generally recognized.

In the early phase of lake freezing, dissolved exygignificantly reduces below 50
m as we hypothesized. Before final freezing theeereo major oxygen depletion events
occurring near the lake bottom. However, 2007 tesshowed an unexpected increase in
dissolved oxygen right after final ice cover. Seatlgn our study has reconfirmed the
sediment surface density current dynamics. The givgeof water along the sediment
surface by density gradients, resulted in increasgen consumption in deep water.
Unfortunately, similar could not be said for thetemial densities.

Our results help to understand large scale and ndgnaranslocations of water
masses in early winter. This can help with intetgtien and modeling circulations of
water and oxygen consumption in deep lake basimsriter.

Further research into the sediment surface cursgpecifically looking at depth
layers where water may not be flowing directly gjdhe bottom, would be important to
gain a more complete knowledge of the under icesais and its effect on the distribution
of nutrients and fauna.
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