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Introduction

Estimationsof GHG emittedfrom inlandwatersbecomemoreaccuratewith the improvementsin gas

transfercoefficientmodelling1 andthe moreextensivedataon dissolvedgasconcentrations2. Further

improvement requires a better understandingon how weather and its effects on stratification,

turbulence,oxygen and nutrientsaffect the production,storageand emissionsof GHG in lakes of

different morphometry. The extreme summer weather recorded in 2012 was an opportunity to

investigatetheeffectsof predictedwarmerclimateon shallowlakes,thatareoverlookedbut abundant

aquaticecosystems.

The aims of this study are (1) to test the effectsof recent North American summerheat-wave3 on

the thermal structure and turbulence in a small, shallow lake, and (2) to account for the effects

of extremeweatheron shallow lake nutrients, primary production, oxygenand GHG dynamics.

Methods
Studysite

LakeJacquesis a small (0.18 km2) andshallowlake(maximumdepth= 1.9 m, meandepth= 0.75 m)

with a catchmentof 5.92 km2 (Fig. 1). The lake is located30 km northof QuebecCity (QC, Canada)

andis suppliedwith waterfrom two creeksin the easternsideof the lake,aswell asfrom a ground

waterspringin its southernpart.

Lake mixing andgasflux estimations

The surfaceenergy budget and dissipationrate of turbulent kinetic energy used in gas transfer

coefficient(k) calculationswerecomputedwith surfacerenewalmodel1 (hereafterSR). Gastransfer

coefficientwasalsocalculatedusingwind-basedmodelof ColeandCaraco(1998, hereafterCC).

The SR model yields higher flux estimatesthan the CC model, with k600SR and k600CC averaging

respectively2.6 and2 cm hr-1 at low wind speed(1 m s-1) or 10 and6 cm hr-1 at high wind speed(6 m

s-1). For a neutral atmosphericstability, k600SR and k600CC provide an envelopefor anticipatedgas

transfercoefficient.

GHG diffusive fluxes were estimatedas Flux = k (Cw ïŬCair), where Cw and Cair are the

concentrationsof gas acrossthe airȤwater interfacecorrectedaccordingto HenryôsLaw, Ŭis the

Ostwaldsolubility coefficient, and k is either kCC or kSR correctedfor Schmidtnumber. A floating

chamberdevicewasusedto evaluatetheaccuracyof themodelledfluxes(hereafterFC).

Results

Weatherforcing and lake thermalstructure

Although strongerair T forcing and lower rainfall during 2012 heatwaveled to betweenyear

differencesin mixing and turbulence(Fig. 2), thermalstratificationwas pronouncedin both years

despitetheshallowdepth(Fig. 3).

In both summers,diurnal thermoclinesformedin the upper20 cm to 60 cm. In 2011, the afternoon

winds causedepisodesof apparentmixed layer deepening. Similar eventsoccurredin 2012, but the

penetrationof warm water was restrictedto shallowerdepthsand the amplitudeof internal waves

following wind eventswasonly 20cm.

In both years,transportscould be associatedwith rainfall, with largeT decreasein the lower water

column in 2011 co-occurring with rain events. The transportscould also be associatedwith

differential cooling. For example,T cooledbetween40 and80 cm but not at 1 m from 20 to 22 July

2012. As inflows from rain werelow at that time, this mid-watercolumncooling,with T similar to

inshoresite, is indicativeof offshoreflows from differential cooling. Thesepatternswereprevalent

with each2012cold front.

Fig. 1. Lake Jacques bathymetry and sampling stations

Oxygen,nutrientsandchlorophyll

Therewas lessDO in the hypolimnion during the summerheat

wavethanduring the previoussummer(Fig. 3). DO stratification

startedearlierandwasmorestablein 2012thanin 2011. Surface

concentrations,however,werehigher in 2012than in 2011, with

maximain thepelagialof ~13 mg L-1. In 2012, DO wasin general

higher in the pelagial than in the littoral of the lake were

macrophyteswereabundant.

During thestratificationperiodbothTPandTN weresignificantly

higherin 2012thanin 2011(Fig. 4), andin 2012, TP washigher

in the littoral thanin thepelagialzoneof the lake. Therewasalso

significantly less SRPand NO3
- in surfacewatersduring 2012

than2011.

The Chla concentrationsin surfacewaterswere higher in 2012

thanin 2011, andslightly higherin thelittoral thanin thepelagial.

GHG saturation and  fluxes

The æN2O andæCH4 were higher during summerheat-wave

thanprevioussummer,andhigherin the littoral thanpelagialof

the lake (Fig. 6). TheæCO2 waslower in 2012thanin 2011, at

leastduringthestratifiedperiod.

In 2012,æCO2 wasnegativelycorrelatedwith waterT andChla

(R<-0.6, p<0.05),æCH4 waspositivelycorrelatedto waterT, TP,

Chla and hypolimnetic DO depletion (R>0.4, p<0.05), and

æN2O wascorrelatedwith NO3 (R=0.34, p=0.04).

In 2012, the lakewasa sink for CO2 in thestratifiedperiod,but

diffusive flux exceeded90 mmol m-2 day-1 during fall overturn,

whenstratificationwaseroded. At this time, theCH4 fluxesalso

reachedmaximalvalueof 15mmolm-2 day-1 (Fig. 7).

Fig. 5. Thedynamicsof nutrientsandChla in the littoral (dotted

lines) andpelagial(solid lines) in 2011andduring heat-wavein

2012.

Fig. 4. The oxygenstratification in the littoral (dotted lines)

and pelagial (solid lines) in 2011 (upper panels)and during

heat-wavein 2012(lowerpanels).

Fig. 3. Thermalstructureof the lake during summer2011 and

2012.

Conclusions

The response of small, shallow lake to weather 

conditions during a heat wave may be used to assess 

the effect of climate change in such systems

Stronger stratification during summer heat-wave 

lead to hypolimnetic anoxia probably linked to 

nutrient release from the sediment

As climate warms, the water quality of shallow lakes 

is likely to deteriorate since increase nutrients will 

stimulate phytoplankton growth

The macrophyte-colonized zones may be 

particularly susceptible to the effect of hot, dry 

weather and become hot spots for GHG emissions

More of the potent GHG such as CH4 and N2O will 

diffuse from shallow lakes as a result of decreased 

oxygen in the hypolimnion and increased deposition 

of OM to the sediments 

Fig. 2 Meteorologicalconditions and turbulencefollowing

Tedfordet al. (2014) in 2011and during summerheat-wave

in 2012.

Fig. 7. The GHG diffusive fluxes in 2011 and 2012

estimatedusingwind-based(CC, black line) andsurface

renewalmodel(SR, red line) or measureddirectly using

floatingchamber(FC,bluesquares).

Fig. 6. The GHG saturationlevel in the littoral (dotted

lines) andpelagial(solid lines) in 2011andduring heat-

wavein 2012.
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