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Mon, 20 August 2018

Program Overview

18:00 —20:00

Rockland Scientific Turbulence Mixer and Registration at
conference venue: Altes Spital (Oberer Winkel 2, Solothurn)

Tue, 21 August 2018 — Lake Response to Climate Change and Other Anthropogenic Impacts

07:00-08:00 Registration and Poster Set-Up

08:00—-08:30 Opening Remarks and Introduction to Solothurn City
08:30-09:15 Keynote Lecture: Rita Adrian

09:15-12:45 6 Talks and Coffee Break (10:15-10:45)

12:45 - 14:15 Lunch

14:15-14:30 Sponsor Introductions

14:30-17:00 4 Talks and Coffee Break (15:30-16:00)
17:00-17:30 1 minute Poster Teasers

17:30—-20:00 Apéro and Poster Session

Wed, 22 August 2018 — Running Waters, Gas Exchange, and Bubbles

08:15 —09:00 Keynote Lecture: Amber Ulseth
09:00-10:30 2 Talks and Coffee Break (10:00-10:30)
10:30-11:15 Keynote Lecture: Werner Eugster
11:15-12:45 3 Talks

12:45 - 14:15 Lunch

14:15-16:45 4 Talks and Coffee Break (15:15-15:45)
16:45-17:30 Free Time

17:30-18:30 Oufi Walking Tour of Solothurn City
18:30-19:00 Free Time

19:00 - 24:00 Conference Dinner at Palais Benseval

Thu, 23 August 2018 — Small to Large-Scale Mixing: role of internal waves and convection

08:15 - 09:00 Keynote Lecture: Ali Mashayek
09:00-12:30 6 Talks and Coffee Break (10:30-11:00)
12:30-14:00 Lunch

14:00 - 15:00 2 Talks

15:00-15:30 Free Time

15:30-18:30 Boat Cruise on the Aare River

Fri, 24 August 2018 — Interactions Between Hydrodynamics and Biology

08:15-09:00

Keynote Lecture: Roman Stocker

09:00 —12:00

5 Talks and Coffee Break (10:30-11:00)
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Detailed Program

Tuesday, 21 August 2018

Lake Response to Climate Change and Other Anthropogenic Impacts

07:00 - 08:00

Registration and Poster Set-Up

08:00 - 08:15

Dan McGinnis & Damien Bouffard: Opening Remarks

08:15-08:30

Solothurn City Services: Introduction to Solothurn City

08:30-09:15

Keynote Lecture: Rita Adrian

Long-term change of lake ecosystems: Lessons learned from linking
theory with empirical data (p. 11-13)

09:15 - 09:45

M. Toffolon, S. Piccolroaz

When lakes warm the most: Considerations on the use of average indices
for climate-change studies (p. 14-15)

09:45 -10:15

L. RAman Vinng, A. Wiest, M. Schmid, D. Bouffard

Climate reaction of lakes affected by global and local anthropogenic
influences (p. 16)

10:15-10:45

Coffee Break

10:45-11:15

G. Lopez Moreira, M. Toffolon, F. Holker

The impact of euthrophication and brownification on lake thermal
dynamics: When should hydrodynamic modellers care? (p. 17-18)

11:15-11:45

A. Wilest, T. Steinsberger, B. Miiller, R. Schwefel

Why is deepwater oxygen depletion not decreasing despite
reoligotrophication? (p. 19-20)

11:45-12:15

S. Piccolroaz, M. Amadori, H. Dijkstra, M. Toffolon

Wind forcing and planetary rotation as key drivers of ventilation in deep
elongated lakes: evidence from Lake Garda (p. 21-22)

12:15-12:45

M. Genseberger, A. Bijlsma, P. Boderie, M. Borsboom, C. Chrzanowski,
M. Dionisio Pires, C. Eijsberg-Bak, M. Eleveld, A. Fujisaki, V. Harezlak, T.
van Kessel, N. Kramer, R. Noordhuis, S. Loos, J. Morris, A. Nolte, S. de
Rijk, A. Smale, B. Stengs, C. Thiange, T. Troost, M. Zagonijolli

Towards an integrated hydrodynamic, water quality, and ecological
modelling approach for Lake lJssel and Lake Marken (p. 23-24)

12:45-14:15

Lunch
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Tuesday, 21 August 2018 (cont.)

Lake Response to Climate Change and Other Anthropogenic Impacts

14:15-14:30 Sponsor Introductions
U.G. Kobler, M. Schmid, A. Wiest
14:30 - 15:00 Will climate change enhance the effects of pumped-storage on the
thermal properties of the connected waterbodies? (p. 25-26)
C.L. Ramén, F.J. Rueda, M. Priet-Mahéo, H.0. Andradéttir
15:00-15:30 Human-induced changes in lake forcing: the impact of the Kérahnjikar
hydroelectric scheme in the hydrodynamics of Lake Lagarfljot (p. 27-28)
15:30-16:00 Coffee Break
D.M. Robb, R. Pieters, G.A. Lawrence
16:00-16:30 Effects of hydropower operation on turbidity in a glacially-fed reservoir
(p. 29-30)
T. Liblik, F. Buschmann, G. Vali, I. Suhhova, M-J. Lilover, U. Lips, J.
Laanemets
16:30-17:00
Impact of different dredging scenarios on circulation and environmental
parameters in Lake Viljandi (p. 31-32)
17:00-17:30 1 minute Poster Teasers
17:30 - 20:00 Apéro and Poster Session (p. 84-138)
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Tuesday, 21 August 2018 - Poster Presentations

A.l. Ayala, D.C. Pierson
Simulation of the effects of climate change on Lake Erken thermal structure (p. 84-86)

F. Barenbold, M. Brennwald, R. Britt, R. Kipfer, M. Pliiss, M. Schmid
On-site analysis of gas concentrations in Lake Kivu, Central Africa (p. 87-88)

S. Bogdanov, S. Volkov, A. Terzhevik, G. Zdorovennova, R. Zdorovennov, N. Palshin, T.
Efremova, G. Kirillin

Turbulence parameters estimations via inter-beams ADCP correlations (p. 89-90)

L. Cimoli, A. Mashayek, H. Johnson, D. Marshall, C. Whalen, M. Alford, J. McKinnon, A.
Naveira-Garabato

Diapycnal leakage in the Atlantic Meridional Overturning Circulation (p. 91)

D. Deepwell, M. Stastna, A. Coutino
Multi-scale processes of rotation modified mode-2 internal waves (p. 92-93)

N. Deering, B. Gibbes, A. Grinham, S. Albert, C. Lemckert, B. Boehrer
Stability of a tropical crater lake as a sentinel for climate change (p. 94-95)

T. DelSontro, H-P. Grossart, D.F. McGinnis, Y.T. Prairie, M. Koschorreck, R. McClure, J.
Beaulieu

GLEON MetOx project: Methane in oxic surface waters (p. 96-97)

G.S. Diakonov, R.A. Ibrayev

Impact of the global climate shift of 1976-1978 on the Caspian Sea thermohaline circulation
(p. 98-100)

T. Doda, H.N. Ulloa, A. Wiiest, D. Bouffard

Buoyancy-driven cross-shore flows in lakes induced by night-time cooling: field observations
(p. 101-102)

A. Forrest, H. Ulloa, B. Laval
Diurnal cycling of convective plume formation (p. 103)

J. Gros, S. Sommer, A. Dale, M. Schmidt

Simulating Panarea’s offshore CO2 seeps as a natural proxy for potential leakage from sub-
seabed CO2 storage (p. 104)

J. Jansen, B. Thornton, M. Wik, P. Crill

Interactions between physical and biogeochemical controls on lake carbon gas emissions in
spring (p. 105)

J.P. Mesmen, S. Goyette, J. Kasparian, B.W. Ibelings

Physical, chemical, and biological effects of changing stratification in deep lakes. Can mixing
regimes qualify as alternative stable states? (p. 106-109)

T. Moore, K. Bolding, J. Bruggeman, R-M. Couture, M. Dillane, M. Estroti, E. de Eyto, G. Gal,
J-L. Guerrero, E. Jennings, E. Jeppesen, A. Nielsen, D. Trolle, D. Pierson

Assessing the optimal input data frequency for the GOTM Lake Physical Model (p. 110-111)
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S. Moras, A. Ayala-Zamora, D. Pierson

Evaluation of historical patterns of thermal structure ofLake Erken using hydrodynamic
model (p. 112)

J. Olsthoorn, E. Tedford, G. Lawrence
Convection near the temperature of maximum density (p. 113-114)

C. Orddiiez, T. Langenegger, T. DelSontro, S. Flury, K.W. Tang, D.F. McGinnis
Multi-lake Swiss Survey: hydrodynamic response to climate forcing (p. 115)

A. Irani Rahaghi, U. Lemmin, D.A. Barry

Effect of meso-scale surface water temperature heterogeneity on surface cooling estimates
of a large lake: Airborne remote sensing results from Lake Geneva (p. 116-117)

R.S. Reil}, U. Lemmin, D.A. Barry

Differential cooling and near-shore density currents in a large lake (Lake Geneva) (p. 118-
119)

V. Rostovtseva, |. Goncharenko

Optica characteristics of Aral Sea waters obtained by above water measurements with
passive optical complex EMMA (p. 120)

T. Serra, J. Colomer, M. Soler, X. Casamitjana, C. Oldham
Local hydrodynamics in fragmented seagrass canopies (p. 121)

S. Simoncelli, D.J. Wain, S.J. Thackeray
Effect of temperature on zooplankton vertical migration (p. 122-123)

F. Soulignac, U. Lemmin, D.A. Barry

Hydrodynamics and sediment transport in the near-field region of the Rhéne plume in Lake
Geneva (France/Switzerland): Measurements and 3D modelling (p. 124-125)

U. Spank, M. Hehn, P.S. Keller, M. Koschorreck, C. Bernhofer

Micrometeorological and hydro-chemical measurements of mass and energy exchange
between atmosphere and water surfaces using a floating platform (p. 126-128)

M. Tiessen, A. Umutoni, G. Sakindi, D. Bouffard, R. Uittenbogaard, R. de Graaff

Lake Kivu: Development of a 3D model to study stratification, methane entrapment and
deep currents in a volcanic lake in the Great Rift Valley (p. 129-130)

H.N. Ulloa, K.A. Davis, S.G. Monismith, G. Pawlak

Temporal variability in thermally-driven cross-shore exchange: The role of the M2 tide (p.
131)

Z.Yang, B. Cheng, Y. Xu, D. Liu, J. Ma, D. Ji

Stable isotopes in water indicate sources of nutrients that drive algal blooms in the tributary
bay of a subtropical reservoir (p. 132-135)

X. Zhang, B. Boehrer, K. Wang
Simulation of Lake Surface Temperature and Ice Cover with 1-D model (p. 136)

M. Zimmermann, M.J. Mayr, D. Bouffard, W. Eugster, B. Wehrli, H. Bergmann, A. Brand

Methane emissions during lake overturn: a tug-of-war between physical mixing and
methanotrophs (p. 137-138)
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Wednesday, 22 August 2018

Running Waters, Gas Exchange, and Bubbles

Keynote Lecture: Amber Ulseth

08:15-09:00 Two-state gas-exchange in streams and the implications of bubbles on
scaling CO; fluxes (p. 33-35)
M. Klaus, E. Geibrink, E.R. Hotchkiss, J. Karlsson

09:00 -09:30
Listening to air-water gas exchange in running waters (p. 36-37)
A. Lorke, C. Anlanger, U. Risse-Buhl, M. Weitere, C. Noss

09:30-10:00 Spatial and temporal scales of flow and morphological diversity in gravel
bed streams (p. 38)

10:00-10:30 Coffee Break
Keynote Lecture: Werner Eugster

10:30-11:15
Direct gas flux measurements from surface waters (p. 39-41)
A. Verlet-Bandide, A. Rutgersson, E. Sahlée

11:15-11:45 Physical process impacting methane emissions from Swedish lakes (p. 42-
44)
M. Hofmann, R. Winkler

11:45-12:15 (Semi-) Continuous measurements of dissolved greenhouse gases with
Cavity Ring-Down Spectrometers (p. 45)
M. Provenzale, A. Ojala, J. Heiskanen, K-M. Erkkila, I. Mammarella, P.
Hari, T. Vesala

12:15-12:45
High-frequency productivity estimates for a lake from free-water CO;
concentration measurements (p. 46-47)

12:45-14:15 Lunch




215 Workshop on Physical Processes in Natural Waters, Solothurn, Switzerland, 20-24 August 2018

Wednesday, 22 August 2018 (cont.)

Running Waters, Gas Exchange, and Bubbles

E. Tedford, S. Change, K. Zhao, J. Olsthoorn, R. Pieters, G. Lawrence

14:15 - 14:45
Methane bubbles under ice in Base Mine Lake (p.48-49)
L. Liu, K. Sotiri, Y. Duck, S. Hilgert, I. Ostrovsky, E. Uzhansky, R. Katsman,
B. Katsnelson, R. Bookman, J. Wilkinson, A. Lorke

14:45 - 15:15
The control of surface sediment gas accumulation on spatial distribution
of ebullition in Lake Kinneret (p.50-51)

15:15-15:45 Coffee Break
T. Langenegger, D. Vachon, D. Donis, D.F. McGinnis

15:45-16:15 What the CH4 bubble knows: CH4 fluxes revealed by sediment bubble gas
composition (p.52)

16:15 — 16:45 B. Boehrer, |. Hentschel, M. Koschorreck
Oxygen ebullition from lakes (p. 53-54)

16:45-17:30 Break

17:30-18:30 Oufi Walking Tour of Solothurn City: Meet at Altes Spital at 17:25

18:30 - 19:00 Break

19:00 — 24:00 Conference Dinner at Palais Benseval (Kronengasse 1, north end of

Kreuzackerbriicke — bridge)
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Thursday, 23 August 2018

Small to Large-Scale Mixing: Role of Internal Waves and Convection

Keynote Lecture: Ali Mashayek

08:15-09:00 Turbulence induced by overturning breaking waves: from small scale
mixing to large scale overturning circulation (p. 55-56)
A.V.S. Rodrigues, J. Carpenter, L. Merckelbach

09:00 -09:30
Turbulence and restratification from glider measurements (p. 57-58)
J.B.T. Mclnerney, A.L. Forrest, S.G. Schladow

09:30-10:00
Seasonality of internal wave action in a large alpine lake (p. 59-60)
P.A. Davies, M. Carr, M. Stastna, K. van de Wal

10:00-10:30
Experiments on shoaling Mode-2 internal solitary-like waves (p. 61-62)

10:30-11:00 Coffee Break
H.N. Ulloa, A. Wiest, D. Bouffard

11:00-11:30 Mechanical energy budget and mixing efficiency in an ice-covered and
radiatively-forced freshwater basin (p. 63-64)
G. Kirillin, L. Wen, T. Shatwell

11:30-12:00 Extraordinary mixing conditions in ice-covered lakes of Tibetan Plateau
(p. 65-66)
V. Stepanenko, I. Repina, A. Artamonov, G. Ganbat, G. Davaa

12:00-12:30 Numerical simulation of stratification and ice regime of saline lakes (p.
67)

12:30-14:00 Lunch
S. Volkov, G. Zdorovennova, R. Zdorovennov, T. Efremova, N. Palshin, A.
Terzheki, D. Bouffard, S. Bogdanov

14:00 - 14:30
Radiatively driven under-ice convection: the impact of lake depth (p. 68-
69)
J. Wang, J. Kessler, A. Fujisaki-Manome, P. Chu

14:30 - 15:00 Modeling seasonal and interannual variability of Great Lakes ice cover
using FVCOM-+ice model (p. 70)

15:00 - 15:20 Break

15:20-18:30 Aare River boat cruise: Meet at Altes Spital at 15:20
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Friday, 24 August 2018

Interactions Between Hydrodynamics and Biology

Keynote Lecture: Roman Stocker

08:15-09:00
Plankton in Flow (p. 71-72)
0. Sepulveda Steiner, D. Bouffard, A. Wiiest

09:00-09:30
Day and night bio-convection in Lake Cadagno (p. 73-74)
E.L. Suarez, M.C. Tiffay, N. Kalinkina, T. Chekryzheva, A. Sharov, E.
Tekanova, M. Syarki, R. E. Zdorovennov, E. Makarova, E. Mantzouki, P.
Venail, B.W. lbelings

09:30-10:00

Diurnal variation in the convection-driven vertical distribution of
phytoplankton under ice and after ice-off in the large Lake Onego
(Russia) (p. 75-77)

B. Sherman

10:00-10:30 Phytoplankton response to hydrodynamically determined light and
nutrient availability in a stratified reservoir (p. 78)

10:30-11:00 Coffee Break

M. Soler, J. Colomer, A. Folkard, T. Serra
11:00-11:30
Effect of vegetated canopies in turbidity current deposits (p. 79-80)

B. Rabe, A. Gallego, J. Hindson, J. Wolf

11:30 = 12:00 An applied physical oceanography study of Scottish coastal and fjordic
waters with regard to sea lice dispersal between aquaculture farms (p.
81-82)
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Oral Presentation Abstracts

(The order of abstracts follows the order of oral presentations)
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Keynote Speaker

Prof. Dr. Rita Adrian

Leibniz-Institue of Freshwater Ecology and Inland Fisheries (IGB)

Head of Department of Ecosystem Research

Address: Muggelseedamm 301, D-12587 Berlin
Phone: +49 (0)30 64181 680

Fax: +49 (0)30 64181 682

Email: Adrian@igb-berlin.de

Website : http://www.igh-berlin.de/profile/rita-adrian

Research interests

Climate impact research on lakes, resilience and resistance of lakes towards disturbances,
lake metabolisms, emergence and maintenance of biodiversity, role of temporal scales.

University education

Biology, Freie Universitdt Berlin, Berlin Germany

Recent publications

e Adrian R, D O Hessen. Environmental Impacts. —Lake Ecosystems. 2016. In: The North Sea
Region climate change assessment. Editors: M Quante, F Colijn. Chapter 10: 315-340.

e Ozkundakci, D., Gsell, A.S., Hintze, T., Tduscher, H. & R. Adrian, 2016. Winter severity
determines functional trait composition of phytoplankton in seasonally ice covered lakes.
Global Change Biology, DOI: 10.1111/gcb.13085.

e Gsell, A.S., Dakos, V., Ozkundakci, D., Scharfenberger, U., Hansson, L.-H., Néges, P., Reid,
P.C., Schindler, D.E., van Donk, E., Walters, A. & R. Adrian, 2016. Early-warning signals
foreshadow regime shifts in natural aquatic ecosystems. PNAS; www.pnas.org/cqi/doi/
10.1073/pnas.1608242113.

e Shatwell T., R.Adrian; G.Kirillin. 2016. Planktonic events may cause polymictic-domictic
regime shifts in temperate lakes. Scientific Reports. - 6(2016) art.24361

e Spears, BM, Martyn N. Futter, E Jeppesen, B Huser, S Ives, T A. Davidson, R Adrian, DG.
Angeler, SJ. Burthe, L Carvalho, F Daunt, AS. Gsell, DO. Hessen, ABG. Janssen, EB. Mackay, L
May, H Moorhouse, M Sgndergaard, H Woods, SJ. Thackeray. 2016. Ecological Resilience in
Lakes: A probability check using lakes as a model system. Nature Ecology and
Evolution:1/Nov. 2017:1616-1624.doi.org/1038/s41559-017-0333-1.

e Kraemer B.M., T.s Mehner, R. Adrian. 2017. Reconciling the opposing effects of

warming on phytoplankton biomass in 188 large lakes. Scientific Reports. — 7 art.
10762.

® Schmidt, S.R., D. Gerten, T. Hintze, G. Liescheid, D.M. Livingstone, R. Adrian. 2018. Temporal
and spatial scales of water temperature variability as an indicator for mixing in a polymictic
lake. Inland Waters. http://doi.orq/10.1080/20442041.2018.1429067.
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21.08.2018 (Tuesday)

Long-term change of lake ecosystems: Lessons learned from
linking theory with empirical data

Rita Adrian
Leibniz-Institute of Freshwater Ecology and Inland Fisheries, Department of Ecosystem
Research, Berlin, Germany

*Corresponding author, Adrian@igb-berlin.de

KEYWORDS
Lakes; climate impact; extreme events; temporal scale, early warning, metabolism

Introduction

Long-term ecological research has become a cornerstone of the scientific endeavour to better
understand lake ecosystems dynamics and complexity along with the responses to
environmental change; particularly the nature of change - linear versus non-lineary responses,
the resilience of ecosystems (Spears et al. 2017), threshold driven responses () and the
predictability of abrupt changes (Gsell et al. 2016). Understanding of the mechanisms
underlying these responses requires that records of ecological processes be not only sufficiently
long, but also collected at an appropriate temporal resolution and/or during critical time
windows within the year (Adrian et al. 2016, Spears et al. 2017). | base the arguments on studies
of our prime case study site Lake Miiggelsee in Berlin, Germany along with information from
lakes of the North Temperate Zone and large scale experiments embedded in ecological theory.
We consider response pattern in lakes towards long-term warming trends along with responses
towards (short-term) extreme weather conditions. | will present a couple of case studies linking
ecological theory (metabolic theory of biology, bifurcation theory) with empirical long-term
and experimental data - touching the effects of global climate change and extreme events on
plankton communities and lake metabolism, the role of critical thresholds along with the
question whether we can foresee change by early warning indicators.

Materials and methods

We identify different processes and the associated time scales (hours- to decades) using data
from one of the best-resolved north temperate lake dataset (Miggelsee, in Berlin Germany)
along with high frequency data from GLEON lakes and temperature and chlorophyll a data
derived from remote sensing images. With a statistical modelling framework we use regressing
analyses -including wavelet coherence to partition the direction and strength of coherence of
simultaneously occurring time series across different temporal scales. Our studies are embedded
in ecological theory such as metabolic theory of ecology and ecosystem stability/resilience
theory — bifurcation theory.

Results and discussion

We address the complexity of environmental change induced responses in lake ecosystems by
linking ecological theory with large scale experiments and long-term data (empirical in situ data
and data derived from remote sensing images). The three differ in their capability to extract
causal understanding, capture the complexity of ecosystems and the level of control. Theoretical
approaches are located at the end of highest control and immediate causal understanding,
including the formulation of laws, concepts, but also process based models. Theoretical
approaches are concerned with the direct formulation of causal relations based on first
principles and current knowledge; often in the language of mathematics. In order to achieve
this we need to abstract from the large complexity of ecosystems- this means theory or models

12
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do not capture the complexity. Opposed to theoretical approaches, long-term ecological
research captures the development of an ecosystem under the full complexity of its abiotic and
biotic interactions. Importantly, long-term research is unique in its capability to allow the
detection of long-term trends. Other than in theory or experiments long-term ecological
research requires detective skills to identify the ‘experimental conditions’ under which the
observed pattern have developed. As the analysis of long-term empirical data is bound to
correlational relationships only approximate causality can be identified. In between theory and
long-term research the experiment is located which follows hypothesis testing on a varying
degree of control and complexity of the system.

Two examples are documented in the following:

Metabolic theory of ecology: Based on the fundamentals of metabolic theory of ecology
warming increases phytoplankton demands for resources to support higher metabolic rates at
higher temperatures. As such warming should reduce algal mass as basal metabolic costs
increase — if nutrient levels remain unchanged. This was, however, not necessarily the case for
large lakes globally. In a recent study based on algal biomass estimated as chla and water
temperatures derived from remote sensing data Kraemer et al. (2017) found that warm years
tend to amplify trophic state in the worlds 188 largest lakes: phytoplankton-poor lakes get bluer
while phytoplankton-rich lakes get greener.

Bifurcation theory: The existence of early warning indicators in time series from dynamics
systems approaching a discontinuous regime-shift is predicted by bifurcation theory. Impending
discontinuous regime-shifts might be difficult to predict, since the state variables of complex
dynamic systems might show little systematic change prior to the regime-shift. EWI offer a
potential way out, since they signal the increasing loss of system resilience which accompanies
systems approaching a discontinuous regime-shift. Gsell et al. (2016) systematically assessed
four commonly used EWI (autocorrelation, standard deviation, skewness, density ratio) based
on long-term datasets of six lake ecosystems that have experienced a critical transition and for
which the relevant ecological mechanisms and drivers are known; a prerequisite to apply the
EWI concept. While EWI could be detected in the majority of state variables, often considerable
time ahead, consistency among the four indicators was low. This study showed that EWI are
not (yet) an irrefutable, consistent signal of impending critical transitions and they can only be
applied if expert knowledge of the system is extensive.

REFERENCES

Adrian, R. and D.O. Hessen 2016. Environmental Impacts — Lake Ecosystems. In: M. Quante and F. Colijn
(eds), North Sea Region Climate Change Assessment, Regional Climate Studies, DOI 10.1007/978-3-
319-39745-0_10.

Gsell, A.S., Dakos, V., Ozkundakci, D., Scharfenberger, U., Hansson, L.-H., N&ges, P., Reid, P.C., Schindler,
D.E., van Donk, E., Walters, A. and R. Adrian, 2016. Early-warning signals foreshadow regime shifts in
natural aquatic ecosystems. PNAS;

Kramer B, T. Mehner, and R. Adrian. 2017. Reconciling the opposing effects of warming on phytoplankton
biomass in 188 large lakes. Scientific Reports, 7, 10762 |[DOI:10.1038/s41598-017-11167-3.

Spears, BM, M. N. Futter, E. Jeppesen, B. Huser, S. Ives, T A. Davidson, R Adrian, D.G. Angeler, S.J. Burthe,
L. Carvalho, F. Daunt, A.S. Gsell, D.O. Hessen, A.B.G. Janssen, E.B. Mackay, L. May, H. Moorhouse,
S. Olsen, M. Sgndergaard, H. Woods, S.J. Thackeray (2017), Ecological resilience in lakes and the
conjunction fallacy. Nature Ecology and Evolution: doi:10.1038/s41559-017-0333-1.
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When lakes warm the most: Considerations on the use of
averaged indices for climate-change studies

M. Toffolon'™ and S. Piccolroaz?

! Department of Civil, Environmental and Mechanical Engineering,
University of Trento, Trento, Italy
2 Institute for Marine and Atmospheric research Utrecht,
Department of Physics, Utrecht University, Utrecht, The Netherlands

*Corresponding author, e-mail marco.toffolon@unitn.it

KEYWORDS
Lakes; water temperature; climate change; averaged index; stratification

Introduction

Studying the thermal response of lakes to climate change, as any other large-scale and
long-term analyses, requires averaged indices. In general, the choice of the averaging
windows is not neutral. This is especially important when the thermal trends of lakes, the
“sentinels of climate change” (Adrian et al., 2009), are used to gather insights on how
inland water resources respond to evolving climate conditions.

Most studies on lake surface temperature (LST) assume air temperature (AT) as a
simple proxy of climate change and rely on synthetic indexes to quantify the LST response
typically focusing on three summer months: July, August and September (JAS; Schneider
et al., 2009). We challenge the limits of these metrics, showing how their indiscriminate
use may mystify the quantification of the thermal sensitivity of lakes to climate dynamics.

Results and discussion

In order to test the reliability of the dynamics detected through the JAS index, we
performed a “natural experiment” (Jankowski et al., 2006) looking at a 20-year dataset of
LST maps of the Laurentian Great Lakes (USA-Canada) and separating warm and cold
years. We interpreted the difference among these years as a possible description of the
effects of the future warming, looking at different lakes’ regions in different periods of the
year to understand the spatial and temporal variability (Fig. 1). The analysis confirmed
Lake Superior as a hotspot for LST warming in JAS. However, a significant contribution
to this warming depends on the AT warming in previous periods through the anticipated
onset of summer stratification (Piccolroaz et al., 2015). This was detected by considering
a longer period (e.g., March to August) for AT changes and JAS for LST: Lake Superior
behaves similar to the other lakes, while the effect of warming appears more pronounced
in Lake Ontario. Additional complexity is added by testing the MJJ-based (May, June,
July) index, which describes an enhanced warming in other lakes (Ontario, in particular)
and not only in Lake Superior.

Moreover, deep regions experience a stronger warming concentrated in early summer
(see also Woolway and Merchant, 2017), mainly due to anticipated stratification, while
shallow parts respond more uniformly throughout the year. The exercise shows that some
lakes have larger reactions in summer, and others in late spring, so the exclusive use of the
JAS metric might lead to erroneous conclusions (Winslow et al., 2017), especially if
compared with concurrent AT. Should we be more careful when considering averaged
indices of lakes' thermal response to climate change?
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Thermal responses of inland waters to climate change varies on global and regional scales. The
extent of warming is determined by system-specific characteristics such as but not limited to
fluvial input, morphology, transparency and ice cover. Additionally local anthropogenic
emissions/withdrawals of heat into/from inland waters have the potential to affect water
temperature and stratification. Local factors thus control both the reaction and the sensitivity of
lakes to anthropogenic caused warming. Given the likely increased thermal stress on aquatic
systems in the future by growing cooling/heating demands of riparian/costal infrastructures in
combination with climate warming, the question arises of how to best monitor and manage
these systems. Traditionally, predictions of inland waters reaction to climate change have
focused on the effects associated with only increased air temperature, thereby neglecting
probable changes of other important variables for the local heat budget between lakes and the
atmosphere.

Here we investigate the future reaction of Swiss lakes to climate change under the influence of
surrounding tributaries, known changes in anthropogenic heat emissions and the effect of
diminished ice cover. Given the upcoming climate report CH2018 which enables precis
regional predictions of changes not only in air temperature but also precipitation, radiation,
wind and humidity, we put special focus on the difference between this new novel development
and the more traditional air temperature focused method. We use simple and efficient
deterministic models to predict future water temperatures, ice cover, river-borne suspended
sediment concentration, lake stratification and river intrusion depth/volume. Climate-induced
shifts in river discharge regimes, including seasonal flow variations, was found to act as
positive/negative feedbacks in influencing both river and lake temperatures. The extent of this
repressive effect on warming was found to be controlled by the hydraulic residence time.
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Introduction

Phytoplankton biomass is one of several light-absorbing/scattering components of natural
waters. As such, when present in high concentrations, e.g. during the intense blooms that
characterise eutrophic lakes, it can significantly alter both the underwater light climate, thus
limiting its own further growth in deeper waters; and the thermal dynamics of an aquatic
ecosystem (Rinke et al. 2010). In recent years, an increased interest has developed within the
hydrodynamic modelling community to better understand in which cases it is necessary to
consider the effects of phytoplankton biomass on light penetration if one wants to accurately
simulate the physical response of a lake. Coloured dissolved organic matter (CDOM)
contributes to light extinction as well (Persson and Jones, 2008) and although its concentrations
are steadily increasing in many freshwater lakes, a process known as brownification, the effects
of this variability are usually not considered in hydrodynamic models. By means of a process-
based vertically-layered one-dimensional model of reduced complexity, where physical,
biological and chemical processes are fully coupled, allowing for the simulation of both the
spatial and the temporal variation of the light extinction coefficient, we studied the response of
lakes subjected to a combination of nutrient enrichment and brownification scenarios.

Materials and methods

For this study, we further developed a model initially proposed by Jager et al. in 2010. To
assess the combined effect of water colour and phytoplankton biomass on the thermal structure
of the water column, we conducted simulations for combined gradients of eutrophication
scenarios (P-load rates from 0.8 to 5.5 mgP-m2-day?®) and background light extinction
coefficients (kog from 0.3 to 0.9 m™). When considering the effect of phytoplankton, the total
light extinction coefficient is given by Kot = Kby + Kphyto Bphyto, Where kphyto Was taken to be
0.0003 m2-mgC™ and Bpnyto is the concentration of phytoplankton biomass in mgC-m=, which
naturally increases with Pg, the concentration of dissolved phosphorus, given in mgP-m,

Results and discussion

Phytoplankton biomass can significantly alter the thermal structure of the water column,
particularly in eutrophic systems with a low background light extinction coefficient (Figure 1).
During the warm-up phase, higher surface water temperatures can be expected if one considers
the effect of phytoplankton (Figure 2a). Slightly lower surface temperatures are also observed
during the cool-down phase (Figure 2b), with a shallower thermocline throughout the whole
stratified period. The effect of phytoplankton biomass on the thermal structure of the water
column can be important at low background light extinction coefficients (Figure 3a), especially
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in eutrophic/hypereutrophic lakes. It becomes relatively less important as water becomes
browner (Figure 3b).
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Figure 1. Modelled water temperature throughout the stratified period when: a) considering light extinction by
phytoplankton biomass; and b) not considering this effect (kyg = 0.30 m™; P-load rate = 5.5 mg P-m'z-day‘l).
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Figure 2. Modelled water temperature (Twater) profiles for a representative time of the: a) warm-up phase; and the
b) cool-down phase.
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Introduction

In Switzerland, as in many other western countries, nutrient inputs and the level of algae
production in lakes reached their maxima in the late 1970s / early 1980s. Since then, the
production-limiting phosphorus has decreased - by partly more than 90% - in response to the
rigorous national implementation of waste water treatment. However, the enthusiasm about this
unprecedented success of water quality management was damped by the discovery that oxygen
depletion in the stratified deepwaters did not decrease correspondingly in the last decades. In
certain lakes, oxygen depletion increased even more during reoligotrophication. For the last ten
years, we performed several studies to answer this practical management question. In this
presentation the lessons learned will be summarized.

Study sites

The Cantonal agencies, responsible for water quality monitoring on their territories,
perform usually monthly CTD profiles on lakes, which either exceed a minimal size or are of
specific management interest. During the periods of eutrophication / reoligotrophication, many
tens of thousands of oxygen concentration values have been acquired in various lakes over
decades. These data allowed to reconstruct the nutrient and oxygen depletion histories.
Unfortunately, on almost none of those lakes, primary production estimates are available so that
the intermediate process of the organic matter build-up is not well documented. For this reason,
we tried to acquire as many as possible sediment cores, to reconstruct the carbon accumulation
related to the eutrophication history (Steinsberger et al. 2017).

Materials and methods

Oxygen concentrations were either directly provided as monitoring data (see comment
above) or measured by CTD profiles and Winkler titration. Oxygen depletion rates were
estimated by balancing the oxygen below a depth level of 10 m over ~200 days during the
stratified period (including oxygen input by artificial aeration). The fluxes of reduced
substances (CHas, NH4, Mn(11), and Fe(Il)) were calculated based on the concentration gradients
measured in the topmost layer of the sediment cores (Steinsberger et al. 2017). The oxygen
fluxes into the sediment were measured using a MP4/ 8 Microprofiler (Unisense A/S) equipped
with oxygen microsensors (Schwefel et al. 2017).
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Results and discussion

By analysing tens of thousands of oxygen measurements from former eutrophic lakes, we
were able to disentangle oxygen depletion pathways in the deepwater. In shallow lakes, oxygen
depletion is determined by the molecular fluxes of oxygen into the sediment and reduced
substances out of the sediment (Muller et al. 2012). As an effect, the oxygenation / aeration of
eutrophic lakes on the Swiss Plateau basically increased the oxygen uptake by the sediment,
increased the oxygen depletion and improved the quality of the sediment. The amount of
reduced substances leaving the sediment is strongly correlated to the organic carbon content in
the sediment (Steinsberger et al. 2017) and therefore the reduced substances fluxes decreased
in those treated lakes.

In deep lakes, oxygen is additionally depleted in the open hypolimnetic waterbody and this
portion of the total vertically-integrated oxygen depletion is in fact increasing with the
maximum lake depth and reaches ~70% in the 309 m deep Lake Geneva (Schwefel et al. 2018).
Compared to shallow lakes, the amount of carbon settling in the deep layers is decreasing and
subsequently also respiration at the sediment surface and storage in the sediment is decreasing
with depth. Measurements in the deepwaters of Lake Geneva and Lake Constance showed
consistent low sediment oxygen uptake, low reduced substances fluxes and increased thickness
of the sediment oxic zone in the deepest regions of the hypolimnion (Schwefel et al. 2018). In
both these deep lakes, the replenishment during deep convective mixing in winter is crucial for
oxygen levels at great depth. The analysis by Schwefel et al. (2016) revealed that climate change
will worsen the deepwater oxygen level, however, a complete anoxia is not expected. The low
oxygen uptake by the sediments of the deeper reaches are of great support for this rather positive
perspective.

The development of the oxygen depletion during eutrophication and reoligotrophication
phases set these findings in a historic context and reveal two managerial relevant results: (a)
The oxygen depletion reached is maximum as soon as the phosphorus content exceeded ~25
mg P/m?® and (b) during reoligotrophication the oxygen depletion did not return to the level
before due to the organic carbon accumulated in the sediment (Steinsberger et al. 2017). This
finding shows clearly that the high, and partially still increasing, oxygen depletion stems from
decades ago and is the result of the past eutrophication. With this talk we synthesize almost a
decade of research which contributes strongly to the understanding of the functioning of
freshwaters in light of global environmental change (eutrophication and climate change).
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Introduction

Vertical mixing in lakes controls the redistribution of mass and energy along the water
column, thus being a key factor affecting water quality and trophic status. The occurrence of
deep mixing events (DMES) is highly relevant especially in lakes that undergo irregular mixing
and less frequently than once per year (i.e., oligomixis). This is the case of several deep alpine
lakes, where DMEs are typically associated to buoyancy-driven convection due to intrusion of
denser surface water, e.g., following harsh winters [Schwefel et al., 2016; Salmaso et al., 2017].
However, convective mixing is not the only mechanism of deep ventilation and other factors
may play a role. For example, in narrow and elongated lakes (such as alpine, glacial, rift valley,
and fjord lakes) strong and persistent winds can generate large-scale, along-lake overturning
circulations [Ambrosetti et al., 2010]. Theoretical and numerical studies have shown that these
along-lake circulations can be affected by planetary rotation, generating closed secondary flows
in the cross-sections orthogonal to the wind with up and downwelling at the shores [e.g.,
Toffolon, 2013]. These secondary flows have never been explicitly measured in narrow deep
lakes, and are often neglected or confused in relatively small enclosed basins [Winant, 2004].
Based on evidence from Lake Garda (Italy), here we provide explicit proof for the development
of such secondary flows in a narrow lake and show their relevance as deep ventilation
mechanism.

Materials and methods

Lake Garda is one of the largest lakes in the Alpine region, and the largest in Italy (surface
area of 368 km? and water volume of 49 km?3). The lake is oligomictic and is characterized by
a narrow and deep northern trunk (average width of 4 km and maximum depth of 350 m)
connected to a wider and shallower southern basin lying in a flat plain (see Figure 1a). In the
norther part, the wind regime is strongly controlled by the surrounding topography, which
constrains the winds along the major axis of the lake.

Since March 2017, monthly high resolution profiles of temperature and chlorophyll-a are
measured in the upper 100 m of the lake using a micro-profiler (MicroCTD, by Rockland
Scientific). The measurements are performed at three reference stations along a cross transect
in the northern trunk. As a complement to in-situ measurements, a one-way coupled three-
dimensional atmosphere-lake numerical model is available for the lake (WRF-Delft3D).
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Figure 1: a) Bathymetry of Lake Garda, its location in Northern Italy, and position of the monitoring stations. b)
Vertical profiles of temperature (solid lines) and chlorophyll-a (dotted lines) measured at the three stations
(West: WS, Central: CS, East: ES) on 21/04/2017. ¢) Temperature and flow field (arrows) at the reference
transect for the same day resulting from Delft3D simulation.

Results and discussion

After strong and uniform synoptic northerly wind events, significant lateral gradients of
temperature and chlorophyll-a have been detected along the reference transect. Figure 1b shows
the existence of such lateral variation after a persistent wind event occurred between 19 and 21
April 2017 (6.5 £1.6 m/s). A clear westward transport is recognizable, with accumulation of
chlorophyll-a and warm water at the West Station (WS), while profiles at the East Station (ES)
were nearly homogeneous. This pattern is the result of the water transport deviated to the right
by the Coriolis force, generating a secondary closed circulation bounded by lateral shores.

The observed pattern is reproduced with a three-dimensional numerical model (Figure 1c).
The combination of observations and simulated flow fields indicates that such secondary flows
are relevant for the ventilation of deep layers, and that these can be detected also in the case of
relatively narrow lakes. This result calls into question the reliability of choosing the width of a
lake as the discriminating factor for neglecting the effect of Earth’s rotation. In this regard, we
also propose a theoretical framework for quantifying the Ekman-type lateral transport in closed
water bodies. We use this theory to relate the dependence of the secondary circulation on the
width of the lake and the shear stresses due to horizontal mixing.
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Introduction

For Lake lJssel and Lake Marken in the Netherlands, various societal aspects are important
(flooding, ship navigation, sand mining, salt intrusion, drinking water quality, water quality,
ecology). Natural and human pressures require these aspects to be quantified. For example
forecasting of flooding and water quality on a daily basis, ecological impact assessments of
measures, and predictions of future climate change scenarios. Despite the diversity of aspects,
many are related to common underlying physical, chemical, and biological processes. This
allows for an integrated approach to quantify different aspects simultaneously. At Deltares we
started working on this for Rijkswaterstaat (Dutch public works). Here we sketch the outline of
the approach with two practical examples of its use.

Materials and methods

Lake IJssel and Lake Marken resulted from the construction of two dikes and land
reclamation in an inland sea to protect the surrounding land from floodings. The first dike
(1932) separated the inland sea from the Wadden Sea, turning the inland sea into a fresh water
lake. The second dike (1975) splitted the fresh water lake into two: Lake IJssel and Lake
Marken. The lakes are quite shallow: Lake 1Jssel has a depth of 5-7 m with some deep channels
(remainders from the inland sea) and Lake Marken has a depth of 2-4 m with a deeper
navigation channel in the south. The bottom of Lake 1Jssel is covered by sand, while the bottom
of Lake Marken is composed of loam and clay. Lake 1Jssel is fed with fresh water from the
River Rhine via the River 1Jssel, a fixed water level is maintained by flushing surplus water to
the Wadden Sea. Lake Marken is more isolated resulting in relatively high residence times of
water. In the lakes, the dynamic behavior of the surface water consists mainly of waves (driven
by wind) and currents (driven by wind for Lake Marken, driven by wind and river discharges
for Lake 1Jssel). This is a driving force for other physical and biological processes such as salt
intrusion, resuspension of sediments, transport of nutrients, and algal blooms. See the scheme
for important underlying physical, chemical, and biological processes and their
interconnections in both lakes. For Lakes 1Jssel and Lake Marken, many of the societal aspects
(as listed in the introduction) are directly related to this: they have important underlying
processes in common. Therefore, the key idea is to use computational components [1, 2, 3] for
modelling these common underlying processes as building blocks. This allows for an integrated
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dotted line. The biological processes marked by a green dash dotted line are less responsive to
this dynamic behaviour. Final goal is to have all computational components included in an
operational system [4], with the existing one for flooding around the lakes [5, 9] as a basis, to
simulate the dynamic physical, chemical, and biological processes. Less responsive biological
processes can be quantified afterwards.

Example 1: The fresh water from Lake IJssel is used for drinking water and agriculture.
However, measures for fish migration from the Wadden Sea to the lake may lead to salt
intrusion in the lake (in addition to a.o. natural trends and climate change). With the integrated
approach these aspects can be quantified simultaneously. This is of practical use to manage
these aspects in a balanced way. Currently, a field measurement campaign is being set up, which
will provide data for calibration and validation of the model.

Example 2: In Lake Marken, suspended sediments cause light limitation. Combined with
decreasing nutrient concentrations, this prevents the achievement of ecological targets.
Improved water transparency may provide opportunities for a more diverse and productive
ecosystem. For this purpose, measures are being studied and built, such as the natural islands
Marker Wadden. Impacts of these measures on water quality and ecology in Lake Marken will
be assessed with a combination of the integrated modelling approach,
measurements/monitoring, and expert knowledge [7, 5, 11].

{ mussels

Results and discussion

The integrated approach is of major interest for impact assessments of the future masterplan
for Lake 1Jssel and Lake Marken. Although the plan making process started recently, it has to
be an integral plan that takes into account all important societal aspects.
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Introduction

Pumped-storage (PS) hydropower plants are increasingly important facilities to stabilize
the electrical grid by balancing intermittent renewable electricity sources such as wind power
and photovoltaics. However, the water exchange between the two water bodies connected by a
PS facility affects their thermal properties and water quality. A previous study on a planned PS
system between Lago Bianco and Lago di Poschiavo had indicated strongest impacts in warm
years, suggesting that climate change would likely aggravate the PS effects on the connected
waterbodies (Bonalumi et al., 2012). In the present study we aimed at testing this hypothesis by
simulating the combined impacts of climate change and PS operations on temperature,
stratification, ice cover, and water quality of the two connected waterbodies.

Study site

We investigated the interactions between the effects of PS operations and those of climate
change for the case of Etzelwerk, a PS hydropower plant that connects the natural lake Upper
Lake Zurich to the artificial reservoir Sihlsee. At present, only about 12% of the power produced
by this plant stems from PS, but the power plant is currently in the process of concession
renewal, and several options for extending PS operations have been discussed.

Kobler et al. (2018) investigated the impacts of both the current and an extended PS
scenario (with the pumping flow increased by a factor of ~20) on temperature, stratification,
and water quality in the two water bodies. Impacts on Upper Lake Zurich were comparably
small due to its larger size and higher natural inflows. For Sihlsee, however, extended PS
operations were shown to increase hypolimnion temperatures, to shorten the duration of inverse
stratification and ice cover in winter, and to increase hypolimnetic oxygen concentrations,
especially towards the end of summer stratification. However, the effects of PS operations were
smaller compared to those caused by the location of the water withdrawal in the hypolimnion
of Sihlsee, which caused, among other things, a strong warming of the hypolimnion in autumn
and a distinctive shortening of the summer stratification.
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Materials and methods

The system of the two water bodies connected by a PS facility was implemented in a
modified version of CE-QUAL-W2, a two-dimensional, laterally averaged, hydrodynamic and
water quality model. Meteorological forcing for future climate scenarios, based on the climate
scenarios CH2011 for the end of the 21% century in Northeastern Switzerland, were developed
using the weather generator described by Schlabing et al. (2014). Simulations were performed
for the current and an extended PS scenario as well as for two reference scenarios without PS
and water withdrawal from either the epilimnion or the hypolimnion of Sihlsee.

Results and discussion

The results of the simulations showed significant synergistic and antagonistic effects of
climate change and PS operations. As an example for a synergistic effect, summer hypolimnion
temperatures were projected to increase by ~0.5 °C in the near-natural reference scenario, but
by ~2.0 °C in the extended PS scenario — on top of the warming that is already induced by PS
under current climate conditions. Conversely, oxygen concentrations show antagonistic effects,
where the duration of the period with hypolimnetic O» concentrations below the legal target of
4 mg L is projected to increase by ~1 month in the near-natural reference scenario, but only
by ~1 week in the extended PS scenario.

Hydropower concessions are often issued for a duration of 50 years or longer. Significant
climate change must be expected within that time frame, and we therefore recommend to
include an analysis of potential interactions between climate change and PS effects in the
environmental assessment of new or extensions of existing PS hydropower plants.
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Introduction

Un-dammed rivers and lakes could become affected by the damming of rivers that are
located in other drainage basins, when the water diverted from dammed reservoirs — once used
for power generation— is transferred to them. In that case, the added water could have physical-
chemical characteristics that are different to those of the receptor stream (Bonalumi et al. 2012;
Eiriksdottir et al. 2017). These different characteristics could lead, among others, to changes in
the natural forcing of downstream lakes and, thus, to changes in their flow conditions and
stratification regime (e.g., Bermuadez et al., 2017). The magnitude of the impacts will depend
on the magnitude of the outflows from the powerplant with respect to the inflows of the other
natural tributaries to the lake (e.g., Bonalumi et al., 2012). The Kéarahnjukar Hydroelectric
Project in NE Iceland is an example of massive man-made interbasin transfer in the subarctic:
two separate glacial rivers originating in the Vatnajokull glacier —the largest glacier of
Europe— were dammed, united and discharged into Lake Lagarljét, one of the largest and
deepest lakes in Iceland. This largest singular project in Icelandic construction history has
increased the downstream water turbidity, reduced the primary production and influenced the
flux of most dissolved elements towards the ocean (Eiriksdottir et al. 2017). The impact of the
inter-basin transfer on internal physics within Lake Lagarfljot have to date not been clear. This
research, funded by the National Power Company of Iceland (Landsvirkjun), aims to improve
the knowledge and methodological framework for assessing the environmental impacts of
hydropower projects on downstream lakes hydrodynamics. Changes in inflow characteristics
(discharge, temperature and sediments) on hydrodynamical processes such as density
stratification and river intrusion depths are assessed.

Materials and methods

Historical hydrological data was analyzed in order to assess the impacts of damming on
riverine inputs to the lake, such as river temperature, suspended sediments and flow rates.
Secondly, an Eulerian model (Smith 2006) already validated for Lake Lagarfljot post dam
(Priet-Mahéo, unpubl.) was used to simulate lake hydrodynamics post dam during an average
year from hydrological and meteorological perspectives. The same model was used to simulate
lake hydrodynamics as prior to the dam project, by maintaining the meteorological forcing
while modifying the hydrological forcing based on the analysis of pre-vs. post dam data.
Thirdly, and to calculate river intrusion depths, the three-dimensional hydrodynamic fields
generated by the Eulerian model both in the reference and deconstructed scenarios were used
to simulate the trajectories of neutrally-buoyant particles originally seeded in the southern-
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inflows (glacial rivers) to the lake, using the 3-D Lagrangian particle-tracking routines of Rueda
et al. (2008).

Results and discussion

Once the powerplant became operational in 2008, the residence time of water in the lake
has decreased from 1.4 to 0.5 years and the seasonal cycle of suspended solids entering the lake
has been highly impacted, with higher and lower than naturally occurring concentrations in
winter and summer, respectively, and an overall increase of suspended solid concentrations
within the lake demonstrated by the one-order-of-magnitude increase (from O(10) to O(10%)
mg L) in the concentration of the lake outflows. Lake inflow and outflow temperatures are also
on average 0.7°C and 0.3°C lower than prior to the project as a result of the outflows from the
powerhouse which reach a maximum of only 6°C in summer. The results of numerical
simulations show that these human-induced changes in the natural forcing of the lake are
responsible for, among others, a decrease in the length of the stratification period, a weaker
strength of the lake-stratification (Fig. 1a) due to lower top-bottom density differences in the
water column and the presence of a thicker metalimnion, and generally shallower and deeper
river intrusions (Fig. 1b) before and during the stratification period (days 180-280),
respectively.
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Figure 1. Modeled (a) water column stability and (b) intrusion depths pre and post dam.
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Introduction

While hydropower offers many benefits, there is an increasing desire to consider ecological
values in water use planning. Of particular interest is the effect of changes in reservoir operation
on aquatic productivity. Here we focus on one part of this complex problem, by looking at
observations and model results of glacial inflow moving through a reservoir, and the effect of
this inflow on turbidity and light extinction within the reservoir.

We examine Carpenter Reservoir, located in southwest British Columbia, Canada. The
reservoir is long (50 km) and narrow (~1 km), with a surface area of 46 km? and a maximum
depth of 50 m. The reservoir is a drowned river valley (Fig 1) formed from the Bridge River by
the construction of Terzaghi Dam in 1960. Inflows into the reservoir are high in glacial fines,
which are slow to settle, and which give the water a cloudy (turbid) appearance. There is
concern that glacial meltwater is limiting light penetration within the reservoir, reducing algal
growth, and in turn decreasing fisheries productivity.

Materials and methods

Field observations were collected over the biologically active season (May to October) in
2015 and 2016. Data included monthly surveys of the reservoir and tributaries, meteorological
measurements, and a temperature mooring. To evaluate various reservoir operation scenarios,
we used the two-dimensional laterally-averaged model, CE-QUAL-W?2.
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Figure 1. (a) Temperature and (b) turbidity profiles collected at Carpenter Reservoir on 16 July 2015. The
downward arrows mark the location of each CTD cast and the black dots mark the location of the withdrawals.
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Figure 2. (a) Total inflow (blue) and water level (red) in Carpenter Reservoir; (b) measured turbidity in the
epilimnion (blue) and hypolimnion (red); (c) fraction of water in the reservoir at the start of the model run, 22 May
to 20 October, 2015.

The model was run from May to October, starting at the first sampling trip and ending at
the last. Initial conditions for temperature, conductivity, and turbidity were given by profiles
from the first trip. Boundary conditions included inflow, outflow, tributary temperature,
tributary water quality and meteorological data. Model temperature agreed well with the
measurements (RMSE ~0.9°C). To match observed turbidity required a settling rate of
0.2 mday*. We added passive tracers to the model to examine the mixing and transport of
water originating from different sources, including a tracer to track the fraction of water in the
reservoir at the start of the model run.

Results and discussion

The CTD profiles collected on 16 July 2015 are an example of the temperature and turbidity
observed during the summer months (Fig 1). Given the high inputs of glacial fines, we expected
the epilimnion to be turbid, so we were surprised to observe such a clear (~1 NTU) epilimnion
over most of the summer (Fig 2b). The model tracer helps explain this as follows. At the
beginning of the model run (May 22), the entire water column was occupied by the initial water
in the reservoir (Fig 2c). After 10 days, much of the initial water below 20 m was replaced by
water from the inflows, and by July, essentially all the initial water in the hypolimnion had been
flushed. In contrast, the initial water in the epilimnion remained for most of the stratified season.
It was not until fall that appreciable quantities of turbid water from depth were mixed into the
epilimnion (Fig 2b,c). In other words, the epilimnion—with a long residence time—clears as
the initial turbidity settles, while the large volume of turbid inflow short circuits through the
hypolimnion below.

Future work involves identifying reservoir operations associated with extremes in turbidity.
Preliminary results indicate that maintaining a lower water level during the spring leads to
higher turbidity in the epilimnion, thereby limiting light availability.
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Introduction

The lake Viljandi (located in southern Estonia (Fig. 1a)) rowing centre currently allows
competition at 2000 m distance in three lines. To add three additional lines to carry out
international competitions the lake has to be partly widened. In this study, the impact of
different scenarios of planned dredging was evaluated on the lake currents, circulation scheme,
vertical mixing and thermal regime using GETM (General Estuarine Transport Model)
numerical experiments.

Materials and methods
Lake Viljandi is a long narrow valley lake: 4.6 km long, predominantly 300-400 m wide
with thalweg depth about 10 m (Fig. 1b), surface area 1.55 km?. The Jarvekael is the narrowest
area (120 m wide) and divides lake to the SW and NE sub-basins. The Uueveski and Valuoja
streams flow into the northern part of the lake and Raudna river flows out from the SW end of
the lake.
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Figure 1 (a) Localisation of Lake Viljandi (Estonia), (b) bathymetry and rowing competition areas for scenarios E
and F, (c) scheme of in situ measurements in summer 2017.

GETM has been used for simulations of the Lake Viljandi circulation for different dredging
scenarios. GETM is a primitive equation 3-dimensional, free surface, hydrostatic model with a
vertically adaptive coordinate scheme embedded. The horizontal model grid had a resolution of
20 m; ten layers were applied in vertical. Model is forced with observed wind data, and other
atmospheric parameters were taken from HIRLAM (High Resolution Limited Area Model). For
model validation wind, current and temperature in situ measurements were carried out in
summer 2017. Altogether three CTD campaigns (at 6.07, 1.08 and 29.08) and one RDCP and
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rotor current meter time series were carried out (Fig. 1c). In addition oxygen and chl a
concentrations were measured parallel to CTD casts.

Results and discussion

For summer period the SW winds with speed of 2-4 m/s prevailed. The analysis of CTD
in situ data showed that the vertical temperature and oxygen distributions were in accordance
with wind forcing. Both, CTD and simulation data showed an upwelling at upwind, and
downwelling at downwind ends of the lake (Fig. 2a and 2b). In average, the wind generated
current speed varied within 2-5 cm/s, but in extreme cases exceeded 15 cm/s. The narrow-
necked region in the middle of the lake caused the division of circulation into two cyclonic
gyres. The two widening scenarios of the narrow-necked region foresee different amounts of
dredging. The model runs indicated that the reconstruction work will lead to an intensification
of vertical mixing in some extent and the merging of two circulation cells to one. Still, the
metalimnion remained for both studied scenarios. In the narrow neck, transport increased by 17
or 23% according to the used scenarios (Fig. 2c). Thus, the dredging will lead to increased

vertical and horizontal (between two sub-basins of the lake) exchange of water and substance.
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Figure 2 (a) Measured vertical temperature structure along the thalweg on 6 July and (b) concurrent simulated
temperature structure. (c) A simulated cumulative northward transports through section SEC01 (A0) for
the present lake and (Alt E and Alt F) for dredged lake scenarios E and F respectively (time interval 1.04-
31.08.2017).
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Introduction

Inland waters are significant components of the global carbon cycle. Carbon dioxide (CO3)
fluxes from streams, rivers and lakes to the atmosphere are of the same order of magnitude than
CO:- fluxes from the atmosphere to the oceans. Gas exchange across the air-water interface in
these ecosystems is critical for the flux of climate-relevant gases and for ecosystem processes,
including ecosystem metabolism and nutrient cycling. While the physical forcing of gas
exchange in the ocean and lakes has received substantial attention over the last decades, it
remains poorly understood in streams and rivers, thereby making global estimates of gas fluxes
from these ecosystems difficult to constrain. Data driven models to scale gas exchange in
streams and rivers have been based on gas-tracer experiments conducted mostly in low-energy,
low-sloped (<4%) streams. However, the world is not flat. A significant proportion of streams
worldwide have steep slopes (>4%), but we know little how gas exchange may scale to these
high-energy streams. Furthermore, while scientists working on lake and marine ecosystems
have recognized that bubbles affect gas exchange when scaling less soluble gases to more
soluble CO3, recognizing the potential roles of bubble mediated gas exchange in streams and
rivers is extremely limited.

Methods

We used a combination of experimental and modeling approaches to address scaling gas
exchange in streams. To address scaling gas exchange from low- to high-energy streams, we
combined a new set of data on gas transfer velocities (keoo) from tracer gas additions in mountain
streams with published ksoo values to cover an unprecedented range of streams differing in
energy, geomorphology and hydraulics. Additionally in these mountain streams, we conducted
dual tracer gas-releases, using both a less soluble gas (argon) in combination with CO: to
address the role of bubbles on scaling CO- fluxes.

Results and Discussion

We found differing scaling relationships between stream energy dissipation (eD = gSV, g is
gravitational acceleration, S is stream slope, and V is streamflow velocity) and keoo for low- and
high-energy streams. This indicates two different physical regimes with differing behavior in
how keoo responds to turbulence in low versus high-energy streams. In low-energy streams (with
eD < 0.08), we suggest that Fickian diffusion drives keoo With an attenuating increase with eD
(maximum keoo of 35 m d*). In comparison, in high-energy streams (eD > 0.08), turbulence
entrains air bubbles in the water resulting in an explosive increase in keoo With increasing eD.
kco2 was approximately half that of kargon, based on the dual gas tracer experiments in these
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high-energy streams. This difference indicates that in high-energy streams, when scaling gas
exchange from less-soluble gases to more soluble CO2, both solubility and Schmidt scaling
should be considered. These findings offer a framework to properly include steep sloped
streams draining the numerous mountainous regions on Earth in future estimates of gas fluxes
from streams and rivers at the global scale.

35



22.08.2018 (Wednesday)

Listening to air-water gas exchange in running waters

M. Klaus'*, E. Geibrink!, E.R. Hotchkiss? and J. Karlsson!

! Department of Ecology and Environmental Science, Umeé University, Umed, Sweden
2 Department of Biological Sciences, Virginia Polytechnic Institute and State University,
Blacksburg, VA, USA

*Corresponding author, e-mail marcus.klaus @posteo.net

KEYWORDS
Stream; gas exchange coefficient; turbulence; air bubbles; acoustics.

Introduction

Air-water gas exchange coefficients (k) are critical components of biogeochemical mass
balance models in aquatic systems and particularly relevant for ecosystem metabolism
calculations and greenhouse gas budgets (Hall & Hotchkiss, 2017; Wallin et al., 2011). New
high resolution sensor technology is now widely applied to account for spatiotemporal
variability in gas concentrations (e.g. Bernhardt et al. 2017; Crawford et al. 2017). Yet, this
technology can only be exploited to its full potential to estimate air-water gas fluxes, if
combined with high resolution k estimates. Because k measurements are labor intense, new
affordable methods with minimal logistical efforts are needed to efficiently capture the large
spatiotemporal variabilities of k in running waters (Wallin et al., 2011).

Air-water gas exchange rates are controlled by turbulence at the air-water interface and
bubble-mediated transfer (Woolf et al., 2007). Turbulence and air bubbles create sound of
characteristic frequencies (Minnaert, 1933; Proudman, 1952). Sound spectra of flowing water
may therefore contain unique information to estimate k. This is especially relevant in steep
systems where k is largely mediated by bubbles and traditional methods based on turbulence
measurements, physical models or tracer gases are biased (Hall & Madinger, 2018).

Materials and methods

Here, we develop a new method to quantify k in running waters based on spectral sound
analysis. We expand on pioneering work by Morse et al. (2007) that showed high correlations
between above-stream band-integrated sound pressure levels and k, but here target sound where
it is produced (underwater) and frequency bands associated with turbulence and bubbles. We
explored the relationship between k and sound spectra in a laboratory flume experiment and in
three Swedish boreal headwater streams, with 36 sites nested in 12 reaches, each sampled 4-8
times during a wide range of flow conditions. We estimated k at the lab- and site scale using
gas flux chambers and at the reach scale using propane injection experiments, and recorded
sound above and below the water surface by microphones and hydrophones, respectively.
Observations were complemented by lab measurements of turbulence and field measurements
of morphological and hydrological parameters. We established statistical models of k based on
the difference in sound pressure levels (SPL) at octave bands affected and not affected by
bubbles (125 Hz - 2 kHz), and explored the variability in exact band selection and model
parameterizations relative to turbulence and hydro-morphological stream characteristics.

Results and discussion

In the lab experiment, we found strong sinusoidal relationships between k and differential
SPLs (R?=0.94-0.99). Under field conditions, differential SPLs were excellent linear proxies of
k when calibrated for each site or reach (median R?=0.85-0.95). Predictive power was weaker
for general calibration models (R?=0.22-0.83). Calibration parameters and octave band
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selection were strongly linked to hydro-morphological stream characteristics. Above-stream
and under-water sound predicted k equally well. In both the lab and field experiment, SPLs
associated with bubbles (1 kHz) increased relative to SPLs associated with turbulence (31.5
Hz) with expected increases in bubble contributions to air-water gas exchange.

We summarize our mechanistic insights in the acoustic signatures of air-water gas
exchange in a conceptual figure (Fig. 1). While SPLs generally rise with faster gas exchange,
the increase is strongest at frequencies associated to A
turbulence and bubbles. Hence, underwater sound spectra Gals Exchangs
can potentially be used to separate turbulence- and bubble - T
mediated contributions to k. This information is difficult
to obtain simultaneously with existing methods but critical
for developing mechanistic k models that could relieve our
current heavy dependence on site-specific statistical
models.

Passive acoustic techniques are increasingly used to
survey aquatic ecosystems, yet their potential to monitor
biogeochemical processes remain largely unexplored
(Linke et al., 2018). Here, we demonstrate that acoustics
can be used to infer k, but with much less sampling efforts
and costs relative to traditional methods. Combined with
data loggers, acoustic sensors could be used to estimate k
continuously in time. Properly calibrated, they could also
allow quick spatial snap-shot surveys. This opens the Turbulence Bubbles
opportunity of Frequency
acoustics to better  Fig. 1 Conceptual diagram of the constrain ~ magnitudes  and
variabilities in  acoustic signature of air-water gas biogeochemical  fluxes and
ecosystem processes. exchange in running waters.
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ABSTRACT

Biodiversity in fluvial ecosystems is closely linked to habitat heterogeneity. Although
the processes by which habitat heterogeneity is shaped by hydro-morphologic processes are
well studied, the relationships between abiotic and biotic diversities are largely unknown.
While biological diversity and its scale dependence is usually expressed using indices based
on species number and relative abundance, corresponding metrics describing the diversity of
abiotic patterns are lacking. In a novel approach, we combine existing ecological and physical
theories and present a concept based on additive variance partitioning for abiotic variables,
like flow velocity and streambed morphology. The overall diversity within a region (gamma
diversity) is the sum of alpha and beta diversities, which constitute temporal and spatial
averages at smaller scales. The concept is exemplarily applied to a comprehensive data set of
near-bed flow velocity and streambed morphology in two gravel bed streams. Flow diversities
were consistently increasing with increasing spatial scale, which was mainly caused by
increasing variability of temporarily averaged flow velocities (beta diversity). Morphologic
diversity explained 33% of the observed flow diversity. Temporal and spatial extrapolation
of diversities showed that flow alpha diversity (turbulent velocity fluctuations) on time scales
between 0.1 — 100 s, contributed on average 20% to the long-term (16 years) flow diversity,
while most of the morphologic diversity was present at spatial scales between 100 m and ~2
km. The proposed concept facilitates estimation of abiotic and biotic diversity at identical
spatial and temporal scales and can be integrated into a broadened biodiversity concept in
stream ecology.
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Werner Eugster obtained his Ph.D.in 1994 from the University of Bern where he was the first
to carry out eddy covariance flux measurements of NO,, Os and other gases. During his
postdoctoral research at the University of California at Berkeley (1995-1996) he measured
CO; fluxes in a broad range of arctic tundra ecosystems, including the very first eddy
covariance flux measurements carried out on Toolik Lake in northern Alaska. This brought
him in touch with limnologists in Switzerland, the USA, Finland and elsewhere. Thus,
measuring energy exchange fluxes from lakes, as well as CO, and CHs fluxes, using the eddy
covariance technique has become one of his main research interests.
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Introduction

Measuring CO2 and CHs4 exchange fluxes between water bodies and the atmosphere
remains a challenge. Eddy covariance flux measurements increase the temporal coverage of
flux data of a relevant water surface area known as the “flux footprint”. Using such data allows
analyses of diel and seasonal dynamics of fluxes, and has the potential to cover singular events
such as lake turnover or partial mixing during storm events. Nevertheless, CO, and CH4 fluxes
are typically close to the detection limit that eddy covariance fluxes can resolve. Moreover, if
a lake is small, local non-steady-state micrometeorological conditions may confound the eddy
covariance flux measurements that assume steady-state turbulence and horizontally
homogenous fetch conditions. Methods that cope with such conditions are still experimental
and not well established in the scientific literature.

Materials and methods

CO:2 and CHjs fluxes were measured via the eddy covariance method on four lakes and one
run-of-river reservoir. In the special case of Toolik Lake, we also deployed an automatic gas
extraction unit during the summer season of 2015 that simultaneously measured CO and CH4
gas concentrations in the water.

Eddy covariance flux measurements — Direct flux measurements are still not the
standard in limnology, but an increasing number of scientists are employing these methods.
Thus, we added a specific chapter on eddy covariance flux measurements over lakes (Vesala et
al., 2012) to the text book on eddy covariance that is typically read by terrestrial ecologists
using this method. For soil scientists we wrote a short overview (Eugster and Merbold, 2015)
that also provides insight for people working in aquatic systems. The measurement technique
that we deploy over lakes and rivers was documented for advanced users by Eugster and PIUss
(2012), and our first eddy covariance measurements of CO> fluxes over Toolik lake were
published by Eugster et al. (2003). As a short summary for participants that have not been
exposed to eddy covariance flux measurements it suffices to say that this method typically
requires two separate instruments—one for measuring wind and the other for the gas in
question. Both instruments should provide a fast response time and sufficient temporal
resolution to measure the covariance between the vertical wind velocity fluctuations (w') and
the associated fluctuations of the gas concentrations (c') for which the flux is to be determined
(w'c' or covariance of w and c). Here we take the viewpoint of an atmospheric scientist
measuring the gas flux (e.g., CO2 or CH4) leaving a water surface in oversaturated conditions
or resupplying it in undersaturated conditions. The same principle also holds for eddy
covariance flux measurements inside the water body, but technical constraints on both sensors
and the time scales that must be resolved to correctly quantify the turbulent flux are much
stronger inside the water than in the atmosphere. In both cases, the physical flux is the
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covariance between the vertical velocity speed and the concentration fluctuations. To calibrate
and correct the flux, a suite of procedures and assumptions are normally made, but these should
be considered fine-tuning of the precision and accuracy of such flux measurements.

Lake water gas concentration measurements — Turbulent fluxes across the water
interface are more complicated to measure and understand than fluxes over terrestrial surfaces,
since both the water body and the atmosphere above are typically turbulent media, whereas
vegetation or soil are nonturbulent media. This means it is not clear a priori whether the limiting
factor in water—atmosphere exchange is the turbulent transport in the water body or the
turbulent transport in the atmosphere. The key to understanding these effects is the
measurement of the gas gradient across the water—air interface. During summer 2015, we
performed gas measurements with a newly developed continuous flow gas extraction unit
consisting of a Liqui-Cel (Charlotte, NC, USA) membrane with a closed gas loop and an open
water circulation with a flow rate of 1 L/min. Gas concentrations were measured with a Los
Gatos Research (San Jose, CA, USA) CH4 analyzer and a Licor (Lincoln, NE, USA) model 840
CO2/H20 analyzer.

Results and discussion

This presentation will show successful deployments of eddy covariance systems on various
lakes and a run of river reservoir using a variety of experimental approaches and discuss
remaining open issues and challenges. In combination with gas concentration measurements in
water and the atmosphere above, a direct determination of gas exchange piston velocity is
possible. These experimentally determine