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Abstract

Lakes provide globally important ecosystem services. Howether, dual threats of
Sdzi NP LIKAOFGA2Y IyYyR OfAYIGS OKIy3aS GwaHMNal Sy f
residence time(WRT) the ratio between lake volume and discharge, is important for lake
functioning, affecting nutrient loading, time availabler biogeochemical processes, and
flushing of biota. WRT manipulations have been proposed a novel management
intervention to restore eutrophic lakes by inhibitirgeasonalstratification andthereby
prevening hypolimnetic anoxia andssociated interndoading. However, thampact of WRT

on lake thermal structure is not well understood, and the contribution of inflows to lake heat
budgetsare often overlooked Changes t&VRTare also relevant in a climate change context.
River flow changes, driven lgyaporation and precipitation changes, are projectedmore
than three-quarters of the landmasgd.his thesis uses logrm andhigh-frequencydatafrom

a small UK lakealongside hydrodynamic modelling to examine the extent to which
management and clinta-induced WRTchanges could affectake thermal structureand

subsequent impacts on lake function.

Results reveal that annual WRT changes impact lake temperaturesogest, with the
direction of change seasonal. Shorter WRT caused cooling in the stancherarming in the
winter. Annual WRT reductions failed to inhibit stratification, only weakening stability, and
hypolimnetic anoxia persisted. Howevearsults showed that reductions in WRT were
enhancing deepvater oxygenation and that strategic sskasonal management could
potentially control internal loadingWRT changes during the summer stratified period were
associated with shosterm reductions in water column stability, increased vertical mixing, and
replenishment of deejwater oxygen.Results also highlighted that in the northwesbf
Englandriver flow changes are likely to be exacerbating air temperature warming impacts on
lakes. Failing to account fduture WRT changes could be underestimating the impact of

climate changein a multitude ofshortresidence time lakes.
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Chapter 1Introduction

Chapter 1Introduction

Despite covering less than 2% of the global surface @ileasager et al., 2016pkes provide

a humber ofssential ecosystem services to millions of pedBleynaud and Lanzanova, 2017;
Schallenberg et al., 2013)akes deliver important provisioning services including fisheries and
drinking water(Deineset al., 2017) Estimates suggest the global lake fishery harvest to be 8.4
million tonnes per year(Deines et al., 2017) which is 40% of total fisheries production,
providing a vital protein source globa(lyynch et al., 2016 ultural services provide by lakes
include recreation, tourism, and navigatiggchallenberg et al., 2013Across only 14 EU
member states, blugi LI OS NBONBI GA2y Aa Soii(appoximStély 12 0SS 621
£540 billion)per year(Borger et al., 2021) akes also providaupport and regulatory services

on global andregional scale (Downing et al., 2021)Processes including denitrification
(Harrison et al., 2009; Seitzinger et al., 20@&ybon cyclingevans et al., 2017; Toming et al.,
2020), and longterm sequestration of nutrients and sediment$iarrison et al., 2009;
Mendonga et al., 2017and play a key role in biogeochemical cycles that regulate nutrient
availability(Downing, 2010; Holgerson and Raymond, 2016; Toming et al.,,20&plified

as their role as carbon sinksadesare estimated tobury as much carbon in their sediments
as thatburied by the whole ocean over the same peri@dendonca et al., 2017; Raymond et
al., 2013) Lales are also crucial biodiversity hotsp@isckner et al., 2020providing habitat

for one third ofglobal vertebrate specig&Strayer and Dudgeon, 20180d large numbers of

endemic speciefCollen et al., 2014)

The ability of lakes to deliver these important ecosystems services is being degraded by excess
anthropogenic nutrient addition and consequent eutrophicatiéowning et &, 2021,
Schallenberg et al., 2013 utrophication is a widespread and persistent prob({&mith and
Schindler, 2009)characterised bgxcess kyal growth, low oxygen conditions and increased
turbidity. Eutrophication has socieconomic and environmental implications including
additional water treatment costs, potential health threats for animals and humans, as well as
recreation and tourism lages, estimated to amount to £173 million per y@athe UK(Jones

et al., 2020) Additionally, eutrophication increases greenhouse gas emissions, globally
estimated to cost up to $81 trilliogE59 trillion)between 2015 and 205@owning et al., 2021)

based on the global social cost

A key wate quality problem associated with eutrophication is the development of anoxia in
the deep waters or hypolimnion. Hypolimnetic anoxia is particularly prevalent in stratifying,

productive lakes during the summer stratified periaghenthe hypolimnion becomgisolated
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from the atmosphere due to the development of a thermocl{B®ehrerand Schultze, 2008)
Anoxia at the sedimenwvater interface induces changes to redox conditions that result in the
internal loading of nutrients into the overlying watéviortimer, 1942; Nirnberg, 19847Jhis
adds further nutrients to the water column, which caracerbate primary production and
introducing additional oxygen demand, driving a positive feedback for water quality

degradation and the associated so@oconomic impacts.

Internal loading is thought to be the primary mechanism preventing lake recovery following
eutrophication (Does et al., 1992; Sgndergaard et al., 2003; Van Liere and Gulati, 1992)
Despite efforts to reduce external inputs of nutrients from lake catchments, water quality
problems persis{McCrackin et al., 2018nd inlake restoration methodsare increasigly
requiredto restore degraded lake@user et al., 2016b; Lurling and Mucci, 2020; Zamparas
and Zacharias, 2014)t+lake methods targeting internal loading of nutrients have used various
chemical and physical metho@duser et al., 2016b; Lirling et al., 202@)ith mixed success
and variable longevityHuser et al., 2016a; Lurling and Mucci, 2020)e lack of consistent
success in tackling the problem using existingrapches means that novel restoration
measures are required to combat internal loading of nutrients. In addition, it is increasingly
recognised that measures targeting the issue require a-ggexific understanding of the
restoration requirements and de#fent lakes are likely to require different approaches. One
proposed method, recently initiated dlterwaterin the English Lake District, is to inhibit
summer stratificatiorby reducing the water residence time and thereforzluce anoxia and

subsequeninternal nutrient loading.

Water residence time the amount of time water spends within a lake Wasidradéttir et al.,

2012; Kalff, 2002; Monsen etal., 2008k & Ge LA OF ff & (K2dAKI 27F

volume and the throughflow discharge Y I € FF3X HnanuT { NI Ofatd o I
residence time is an important parameter to consider in the understanding ofdak¢ioning,
important for nutrient and sediment loadin@Jones and Elliott, 2007;aRgel et al., 2012;
Vollenweider, 1975)time availablenetabolic and biogeochemical processes to o¢Qatalan

et al., 2016; Evans et al., 2017; Leon et al., 2@b6) flushing of biota (phytoplankton and
zooplankton) from the lakéHavens et al., 2017, 2016; Reynolds et al., 2H@yever, little

is known about the importance afater residence timan affecting lake stratification and
water temperatures particularly the use ofvater residence timenanipulationas a strategy

to manage stratification duration.
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As well as eutrophicatigrclimate change is also a stressor on lakes and projected to have
various negative impacten lake ecosystemgJeppesen et al., 2015; Myers et al., 2017,
Woolway et al., 20@). Understanding water residence time dynamics is also important in the
context of future climate change, as changes to river flows are projected for large proportions
of the global landmaséArnell and Gosling, 2013; van Vliet et al., 20B8¢vious research
addressing climate change impacts on lakes has primarily focused aenagderature
warming. However, ¢her large scales changes in climate, including wind st{iBtetler et al.,
2020; Woolway et al., 2019a3olar dimming and brightenin@chmid and Koster, 201&hd
changes to the water cycle, in terms of precipitation and evapotranspiraf®oderick et al.,
2014) will also have impacts relevant to lake functioning. Changes to the water cycle will
modify river flows and therefore the rate of throughflow and water residerioees of lake
systemgBarontini et al., 2009; Kay et al., 2020he importance of changes to water residence
times on lake temperatures has not been widely considgi&olway et al., 2020)These
changes are especially relevant for smaller, sharésidence time lakes where throughflow

importance is likely to be larger.

Shortresidence time lakes (< 100 days) are globally humerous, accounting for more than
375,000 or 1 in 4 lakddlessager et al., 2016These shortesidence time lakes are likely to

be the most affected by water residence time changes. Of particular interest in these are
smaller lakes as other external drivers of thermal structure, such as winddoerie likely to

be less influentia(Read et al., 2012)These smaller (< 1Kn short residence time lakes
amount to more than 33,000 or 1 in 5 lakedessager et al., 2016)

1.1 Thesis focus

The research project was focused on improving our understanding of the role of water
residence time changes in impacting lake physical structures and wider ecogftetn. This

has been carried out by assessing the impact of a water residencefditneed restoration
measure at Elterwater, investigating the impact of theoretical water residence time changes
on temperature and stratificationexploringthe role of slort term flow events on vertical
mixing and reoxygenation and considering the impacts of future flows on water residence time
and lake physical structure. The impact of water residence times on lake stratification is not
well understood, and the contribuin of inflows to lake heat budgets often omitted or

overlooked, therefore requiring a more thorough assessment.

This thesis uses a combination of lelegm monitoringdata, highfrequency sensor data, and

hydrodynamic modelling to investigate the followiknowledgegaps:
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Understand how changes to water residence time on different timescales impact the
thermal structure of a shostesidence time lake and subsequent despter oxygen
dynamics

Investigate how water residence time manipulations could be duse the
management of eutrophic lake systems

Explore how climaterelated change in river discharge, and consequent lake water

residence time, might interact with air temperature rises to impact lake temperatures.

The following objectives will be addreskto achieve these aims:

1.

Evaluate the impact of the 2016 Elterwater restoration project, a novel
implementation of water residence time management, on lake thermal structure,
nutrient, and chlorophylh concentrations using modelling and loteym data reords
(Chapter 4)

Use a systematic modelling approach, that maintains natural flow variability, to
determine the effect of modifying annual water residence time on annual, seasonal,
and shortterm thermal dynamics (Chapter 5)

Explore the impact of episodieductions in water residence time and hypolimnetic
dissolved oxygen replenishment during the seasonal anoxic period (Chapter 6)
Discuss how management strategies can be optimisednizance lake mixing to
increase deepvater oxygen concentration during portant times of yea(Chapters

5 and 6)

Examine how discharge changes may interact with air temperature under future
climate change to impact lake temperatures and stratification (Chapter 7)
Demonstrate the additional effects of inflow warming on lakerthal structure

(Chapter 7)
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Figurel.1 Structure of the thesis chapters

The results in Chapters-Z are presented in the style of papers and published, araunder

review, or are in preparation for submission at academic journals.
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Chapter 2Background and context

2.1 Overview

The primary aim of this project is to understatie impacs ofwater residence time (WRT)
changes on lake ecosystem functioning, with a particular focus on lake temperatures and
stratification. This chapter will provide the background and context in which the novel findings
of this thesis sit. The chapter willgi@ bydescribing the concept of lake water residence time
(WRT) and provide aoverview of current understanding oits effects in lakes. The
importance of lake temperatures and stratificatitm lake functioning will also be explored
followed by a discusgon of thecurrent knowledge of the potential climate change impacts on
lake thermal structureNext the review will briefly explore the relationship between lake
thermal structure and deejvater oxygen dynamicnd consequent internal nutrient loading
Firally, the current status afhanagemenimeasures taken to control internal loadimgll be

discussed.

2.2 Importance of lake systems

Water is a key resource for human populations. Of all the water on earth, about 2.5% is
freshwater, stored in rivers, glaciers, groundwater, wetlands and |é&ki&lomanov, 1998)

As the main source for human consumption and the most easily accessible, surface freshwater
ONAGSNE> fF1Sax YR LRYRao I 002 dastirashiwa@mNI f n & o
stored as ice (~69%) and groundwater (~308hjklomanov, 1998)with lakes estimid to

O2@SNI f w2 27T (WNesSgeBdt AJi2R1GREs wall deNdeihgQiSed for drinking

water, these surface freshwater resources provide other important ecosystem services. Lakes
provide ecosystem services in tifierm of fisheries, recreation, irrigation wateand flood

control (Borger et al., 2021; Deines et al., 2017; Schallenberg et al.,.Z0ii3) important

resource requires sustainable and careful management.

As well as the anthropogenic needs for lake freshwater, lakes are key systems for
biogeochemical processingfessager et al., 2016) akes provide support and regulatory
services on global and regional sca(@owning etal., 2021) Lakes play a key role in
biogeochemical cycles that regulate nutrient availabiiBowning, 2010; Holgerson and
Raymond, 2016; Toming et al., 2028xemplifiedby their role as carbon sinkis which they

bury as much carbon in their sediments as that buried by the whole ocean over the same

period (Mendonca et al., 2017; Raymond et al., 2013)kes are also biodiversity hotspots
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(Tickner et al., 2020providing habitat for one third of global vertebrate speq®tayer and
Dudgeon, 2010and large numbers of endemic spec{€®llen et al., 2014)

Small lakes are often overlooked but represent a large contribution to lake numbers globally
(Downing et al., 2006; Messagaral., 2016; Verpoorter et al., 2014)uantified most recently

in the HydroLAKES databadéessager et al., 2016)singgeo-spatial methods to calculate

the surface area, volume, and residence times of global lakesnttadlest class of lakes (0.1

¢ 1 km) were estimated to account for 87% of lakes (> 1.2 million). Even smaller lakes (< 0.1
km), not quantified in this methodmay represent an even greater number of freshwater
systems. Much higher estimates from Verpoortdral. (2014), found that out of the 117
million lakedarger than0.002 knd, 90 million (7%) were less thaf.01 kn%. In this thesis,
estimates from HydroLAKE®lessager et al., 201&re used, due to the availability of

residence time estimates.

Increasingly, small freshwater systems are being acknowledged as crucial for understanding
global carbon budgets, habitat availability, and biogeochemical cy¢agvning, 2010;
Holgerson and Raymond, 2016; Scheffer et al., 20B6)imates suggest that small lakes
contribute disproportionally to the emissions of carbon dioxide and methane, contributing
15.1 % of CPand 40.6 % of CHlespite comprising obnly 8.6 % of lake area globally
(Holgerson and Raymond, 201@)creased rates of cycling and emissions are likely due to
higher perimeter to surface area ratio, greater loading per volume, greater rates of water
column mixing, and shorter WR{olgerson and Raymond, 2016&urthermore, small lakes
are also represent important nitrogesinks, processing 16% more N than large léKasrison

et al., 2009) As the climate continues toasm, thawing permafrost is also likely to create
more of these small systems, further increasing greenhouse gas emiéBimke et al., 2019;
Holgerson and Raymond, 2016)he greater extent of littoral zones (per area) in small lakes
also provide important habitat for fish and invertebratéBowning, 2010; Scheffer et al.,
2006)

2.3 Water residence time

2.3.1 Defining and characterisingtransport timescales in lake sygeems

Timescales of transport and mixing of lakes are important characteristics of aquatic systems.
The rate of transport of water, and associated components, through a lake controls the
biogeochemical and physical processes that act to structure lake eosy and control their

functionality (Andradottir et al., 2012; Jgrgensen, 2002; Kalff, 2002; Leo6n et al., 2016; Rueda
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et al., 2006) Therefore, it is important to understand the facs that control transportand

calculate estimates of timescales accurgtel

Water residence time(WRT) can be defined &K S &l gSNF 3S GAYS G2 NBT
S Y LJ( KSR 20022 NJ | £ G S NI/ | (adedeBothéof titnekviterddmgirgs Mathin the
02dzy Rl NASa 27T (Andraddtiirétlalli 2002; Messageret¥ak, 2016; Rueda et al.
2006) In measuring and defininthis parameteran aquatic system there is inconsistency.
Differences in definitions for the same syntax, using different syntax in comparable ways and
failing to define terms at all, make quantitative comparisonsadliffi Various terms are used
when referring to lake water residence time, including: instantaneous and hydraulic residence
time, water retention time, flushing rate, exposure time, water age and water renewal time
all used to highlight different aspectsnahe transport timescale Furthermore, water
residence time can refer to the throughflow of water at different timescales, from
instantaneous to annual average depending on the processes and phenomena being

investigated.

2.3.2 WRT and its controls
The most cotmonly used and simplest derivation of transport timescales in a lake system is
the ratio between lake volumend volumetric flow rate from here referred to as water
NBEaARSYyOS .iGhan§es  zithet thexlake volurtd and/or the dischargéQ) will

have implications for WRT { 4 NI OT{ N} 6 .y R |1 201AY3Z HANHD
W

. 2.1)
L

.I.

The interaction of lake inflows, outflows and water level determines the residence time of the
water within a lake system.

2.3.2.1 Lake volume

Lake morphology is an important determinant of the volume component of WRT. Larger,
deeper lakes, with large water volws tend to have longer residence times than small,
shallower lakeqBeaver et al., 2013; Messager et al., 20I&)e volume of a lake can be
dependent on its formation history. Alpine zones and rift valleys with deep lakes tend to hold
more water than areas wh shallower lakes formed by continental glaciers or by fluvial
processegMessager et al., 2016\lthough important, the volume of a lake does not always
give an accurate description of the likely WRT of a lake. Some l&egedahibit shorter WRT

than small lakes due to large rivers discharging into tiielassageet al, 2016)

In studies of the effects of WRT for a particular lake, volume is often assumed to be constant

(Londe et al., 2016; Pilotti et al., 201Fhissimplification is often needed as data on changes
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to lake volune is not readily available and infrequently measured during monitoring, relying
on bathymetric maps. Subsequently, authors simply divide the lake volume by the annual,
monthly, or daily discharge valu@sonde et al., 2016; Pilotti et al., 2014yhereV has not
been measured, using rate of inflow and outflow would allow for a change of wotorbe
accounted fod { G NI O1 NI 6 I I .Fduatibn2 GHowsyiaanflaw fand dutflow
(Quw) rates could be used to determine WRT, over a shorter period of dirfiedd NI O NJ o |
Hocking, 2002)

©'Y"Y 57 wﬁ T 22

Where the index refers to the individual measurement¥. = lake volumen m® and Q = flow

rate in m® d<! for the inflow and the flow. Further simplifications to estimate lake volume

without a hypsographic curve or detailed bathymetry include usth@ w@ QR0

[ 01 "ODHIO@GBE OO QIDANOT 601 "XDIOTY. Messageet al., 2016)

However, constant volume does not always reflect reality. In some |#kesvater volume
within a system is variable over seasonal timescales. Invessy managed drawdovaoccur
(Andradottiret al, 2012)and in natural lakes a lack of rainfall oodght conditions can result

in the lake level dropping, altering the total water voluif@ophen, 2003)If possible volume
should be considered when assessing the inpat WRT, as in some cases, the depth of the
water may be a more significant component of WRT, than the flow rate, in driving some

ecological processd8eklioglu et al., 2007)

2.3.2.2 Discharge

The discharge ttough a lakds determined byits water budget. The discharge component
comprises of inputs from surface water, groundwater, and direct precipitation as well as
outputs to surface flows, groundwater recharge and evaporation back to the atmosphere
(Table2.1). The relative importance of the interaction between a lake and each of these three
sources is dependent on the characteristics of the catchment, includimigge land use and

soil characteristics and the local climd#etzel, 2001a; Winter, 2004)Direct precipitation

will represent a larger percentage of inputs if the lake has a very large surface area compared
to its catchment. For example, Lake Victaria ! ¥ NA OF Q& € NBHSad € 1S
receives more than 84% of its inflow from direct precipitation (2¢€t2001). Overall, the
precipitation into the catchment is the primary driver of inflows into lakes, as it will travel as
surface and subsurface flows that eventually discharge into lakes. Heavy rainfall and overall

wetter climate will drive larger inpuisito the lake from all sources. Regional and local climate
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will also be important in determining the relative loss to the atmosphere with greater
evaporation in warm, less humid conditions. Losses via evaporation will also be higher in lakes
which havedrge emergent vegetation biomass, as water is lost through transpiration by the
plants. However, where there are other outflows to the groundwater and surface water,
evapotranspiration is often negligible proporti¢kalff, 2002)

Table2.1 Example of sources of surface, groundwater, and atmospheric components of the
lake water budget

Source Inputs Outputs

Surface water Channelised (rivers, streams, Chamelised outflows
ditches) and unchannelised

(overland flow/surface runoff)

Groundwater  Subsurface flow. Often in near Seepage and groundwater recharge
shore areas clear of fine

sediment

Atmosphere  Precipitation (direct onto lake  Evapotranspiration (determined by
surface) air temperature and humidity, also
from aquatic emergent plants), highl
seasonal and dependent on local

climate

The surface water contribution to lakes is highly variable between systems (Wetzel, 2001;
Kalff, 2003), accounting for none to most of the inflowing water. Surface water contnitautio

are highly dependent on catchment characteristics such as catchment slope, soil type and
vegetation cover. If the catchment slope is steep, surface inflows will generally contribute a
greater proportion to the lake systerfWinter, 2004) In England, the upland lakes of the
CumbrianfelE Ay 6KAOK (KAa OdakeSandinatéd byisiramR2duedtditieS A G
a0SSL) at 21L& FYyR AYLISNXYSIFofS 3Soveridaso ahT (KS
important influence of the proportion of ruoff entering lakes. Where larcbver is

dominated by forest or woodland, surface ruhofill be reduced, due to increases in
transpiration from the trees and increased infiltration promoted by the root systems of the

forest (Kalff, 2002)

Groundwater contributions and losses can be highly variable depending on the lake and its

catchment. Groundwater and subgace flow will generally represent a greater proportion of
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I fF1SQa AyLldzi Ay 26t yR O (OWm¥Ery20 and K S NB
where soils are deeper and san@alff, 2002)The rate of seepage lossatsoaffected by the
permeability of the geology and the hydraulttacacteristics of the sedimerfWVinter, 2004)
Groundwater forms the major flow into and out of karst and doline lakes in limestone regions,

lakes below the water tableand those with glacial till bed&Vetzel, 2001)

Overall, catchment size is a key feature for understanding Gheomponent of the WRT
calculation. In the same geographic location, larger lake catchments receive higher quantities
of precipitation than smaller catchmen{8eaver et al., 2013; Messager et al., @0IThis
results in more runoff and a greater volume of water, and associated solutes, entering the
lake; replacing water in the lake more quicifialff, 2002) Combined with this, the size of the

lake relative to these input is going to affect the WRT. Therefore, lake area to catchment area
ratio (LA:CA) is cited as the basic driver of Rnbrosetti et al., 2003; George and Hurley,
2003) the higher theLA:CA the shorter the WRT. This can explain why some small lakes have
much longer WRTs than volume alone may sug(@éstsager et al., 2016yVithin the same
catchment, temporal variability in WRTs will occur due to periodsgf rainfall, precipitation

and run off from the catchment and during low rainfall perig@®ppens et al., 2016; Ozen et

al., 2010; Reynolds et al., 2012)due to abstraction upstrearfDoll et al., 2009)

2.3.3 Spatial and temporal heterogeneity of WRTs

There are multip¢ assumptions made with the use(@f1). Firstly, the equation assumes that
lakes are instantly and fully mixed when inflow is ad¢eidnsen et al., 2002; Rueda et al.,
2006) and are acting as idealised completely stirred tank reactors (C8I&wen et al.,
2002; Pilotti et al., 2014)This is unrealistic in real lakes, especially in stratifying lakes, where
density stratification pevents vertical mixingAndradottir et al., 2012; Rueda Valdivia, 2006;
{ GNJ O1 N¥ o I y Rredulariies ik yh@&arphentetnytofithe lake surface may be
differentially affected bythroughflow (Monsenet al, 2002) Irregularities, such as bays and
lateral arms, may not be affected by the main currents and flg@astellano et al., 2010;
Zhang and Shen, 201%patial variability in flow, currents and heating (leading to stratification
and changes in the volunmiafluenced bythroughflows, means that water within different
parts of the lake will have different WR{Bsmbroseti et al., 2003; Kalff, 2002; Monsen et al.,
2002)

Further to this, there is vertical heterogeneity in lake WRT due to the stratification process
and differential interactions with inflowing watdKalinin et al., 2016)Often, water in the

hypolimnion of a stratified lake can remain in the lake miatger than epilimnetic water
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(Kalinin et al., 2016; Pilotti et al., 2014; Rueda et al., 20D@)ing stratification, water in the
epilimnion is isolatedCastellano et al., 201@nd will not becomanixed wth deeper lake
water, giving the epilimnion a much shorter WRT than the lake avepagprosetti et al.,
2003; Castellano et al., 2010; George and Hurley, 2003; Kalinin et al., ZB&&)utflow of a
natural lake system takes the warmer epilimnetic waigeson et al., 2016; Rueda et al., 2Q06)
further extending the WRT in the hypolimnion. Modifications(2fl) have been proposed
which adapt the calculation to account for stratificati@@eorge and Hurley, 2008y using

only the epilimnion valme in calculating WRT during summer.

Converselyif inflowing water is significantly colder (i.e. snow melt in alpine areas)ayt
intrude into the water columr{Ambrosetti et al., 2003; Pilotti et al., 201dle to its higher
density than the resident water. This may flush the hypolimnion of a stratified lake at a quicker
rate than the overlying wateflLedn et al., 2016)Therefore, the intrusio depth of inflowing
waters and the length and strength of stratification are significant drivers of the vertical

heterogeneity in WRT@mbrosetti et &, 2003; Pilotti et al., 2014)

WRT is not a static characteristic of a lake. With variability in discharge and volume, WRT is
dynamic over seasonal, annual and inrtemual time scaleAndradattir et al., 2012; Rueda

et al., 2006) To account for temporal variability, studies frequently use daily, monthly or
seasonal average discharge values when calculating WRT rather than an annual value
(Andradéttir et al., 2012; Ledn et al., 201®he seasonal patterns of precipitation, the main
driver of Q, varybetween regionsin some regions pcipitation peaks correspond to a wet
summer(e.g.Soareset al, 2012) in others, precipitation is higher in wintée.g.Nogeset al,,

2011) Therefore, the overall climate of a region will influence the likely temporal variability in
WRT. At a longer time scale, WRT will also show retunter-annual and longer term
variability,related to drought and floo@Beaver et al., 2013; Gophen, 20@3pecially in areas
affected by climatic oscillations like El Nifitavens et al., 2017)

Due to the assumptions outlined above and the spatial and temporal heterogeneity with a
lal Sz GKS kv NIGA2 Aa 2F4GSy NBTSNNFoRettiégtz | a
al., 20(; Castellano et al., 2010; Messager et al., 2016; Pilotti et al., 2E\vn this
theoretical water residence time can help with basic understanding of how differences in the
morphological characteristics of lakes and their watersheds, and their location in areas with
different hydrometeorological conditions, will cause ciges in the transport and mixing
process of lakeGAmbrosetti et al., 2003; Monsen et @&002) However, if the aim is to gain

a greater understanding of the impacts of changes in WRT on a lake, an annually averaged
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theoretical WRT is likely to headequate to capture théull heterogeneitywithin the system
(Andradéttir et al., 2012; Castellano et al., 2010; Messager et al., 2016)

2.3.4 Importance of WRT to lake functioning
WRT influences the spatial, both horizontal and vertical, and temporal patterns in lake
characteristics and functioning as well as controllingtiime available fometabolicreactions

and biogeochemical processes to ocuaithin the lake.

2.3.4.1 Physical

Described further in SectioB.4x Ay Tf 26a O2y (0 NR O dzii STheredore,i KS I 1 SQ:
changes to theinflow discharge and conseqent WRT, ca have impacts on lake

temperatures. However, the contribution of inflows is not often considered and is often

omitted from considerations of lake heat budgets, especially in larger l@kgsFinket al.,,

2014) despite the fact thatthe contribution of inflows to the lake heat budget can be

important in determining idake temperature§Raman Vinna et al., 2018)

The impact of changing flow on-iake temperature dynamics, through changes to the
advective heat flux (see Secti@ml), has not been widely considered previoushaservations
have focused on comparisons between lakes of different WRT and on thetshmrimpacts

of extreme episodic inflow eventSome studis have also drawn comparisons between lakes
of different residence time in the same region or between years/periods of different prevailing
hydrological conditiongBrasil et al., 2016; Le6n et al., 2016; Obertegger et al., 2007,
¢ NOT @8Z&a1 | . Edoler lwhte Jemperatores vanghorter periods of summer
stratification are observed alongside shorter WiRen et al., 2016Field observationalso
suggest that large episodic inflow events (e.g. storms) temporarily inctbaseflow cooling
effect(M. R. Andersen et al., 202@)though irlake changesannot fully attributable to WRT

changes as highflow often ceoccur with increased wind speed and reduced surface heating.

Modelling studies have looked at short vs long WRT scenarios in reservoirs and found that

shorter WRTs are associated with weaker and shorter periods of summer stratififattien

Ff ®dX wamyT {GNF O1 N} o6l Iy RThese idiesyirdestigated the T . | y3 S
impact of changes to constant flow rates in managed reservoirs, unrealistic in natural lakes,

where inflow rates vary considerably on a tempaedle Section2.3.3. The modelling also

mostly considered limited scenarios, high vs low flow conditions, and failed to investigate WRT

impacts orlake temperature systematically.

The understanding of WRT impacts on lake temperatures is poor and requires further, more

systematic investigation, than has previously occurred. Specifically, understanding natural
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seasonality in WRT and the contribution of the inflow to the heat budgetessded to
understand how WRT modifications majyfect lake temperatures in a management and

climate change context.

WRT caraffect lake water clarity, although the impact of WRT changes will depend on the
primary driver of clarity (dissolved organic carbon vs phytoplankton; &cae 2017). On the

one hand observations and modelling have shown water clarity improvements at shorter
WRTgJgrgensen, 2002 his is thought to be associated with a reduction in the biovolume of
phytoplankton within the water column, which are a main contributor to the transparency in
natural lakesystems. In a modétig study on Lake Glu(surface area = 0.5 Kpmean depth

= 1.6 m) a reduction in the annual WRT from six to four months resulted in an increase in the
minimum transparency of the lake from 18cm to 70d@dwrgensen, 2002 Similarly,
observations from Lake Veluwa, shallow norstratifying lake,showed increased summer
transparencywhen WRT was artificially shortenégdagtman et al., 1992Howevera switch

to diatom dominance from cyanobacteria resulted in a higher turnover rateratatively
more detritus in the water columnomparedto a cyanobacterial dominated lak&agtman et

al., 1992) limiting the improvement in water clarityhis shows that composition as well as

biomass of the phytoplankton community is important in determining transparency.

Conversely, water clarity may decrease with episodic reductions in WRTcaedses in flow
(Beaver et al., 2013; Mitrovic et al., 2011; Rennella and Quirds, 2006; Rose et al.TAGL7)

is associated with changes to the suspended solids concentration within the water column.
Within reservoirs, field studies have found that in the lentic zone, characterised by longer
WRT, and when lentic conditions prevail across a year, transpareihigher than in the lotic
zone and during shorter WRT perio@Rennella and Quirds, 2006; Soares et al., 2012)
Reservoir field observations showed increases in transpardaodyg drought periods and
lowest transparency values occurring during a fl¢gBdaver et al., 2013faused by the run

off from the catchment bringing in sediment and the disturbance of bottom sediments by
increased inflow and mixing. Generally, lower clarity lakes have been shmve less
sensitive to changes in meteorological conditions, changing less between wet and dry years
than higher clarity lakeRose et al., 2017Extreme episodic events that reduce WRTSs, can

also rapidly reduce lake water clarity by flushing material into I§Rese et al., 2017)

2.3.4.2 Chemical
In-lake phosphorus concentration is a function of the exteptadsphorus ) loadingand the

retention of Pcontrolled by theWRT(Cooke et al., 2005¥he Vollenweider model describes
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the relationship between nutrient input/output and the withilake concentration of
phosphorus under equilibriurfWollenweider, 1976, 1975)Vithin this model, this relationship
changes with nutrient loaéind with WRT as it is the WRT which determines the extent of

nutrient retention or flushing in the system.

This equation states that ilake concentration of phosphoru®)(is a function of the annual

load (), the water dischargegf) and WRT_¢). The retention of any nutrient load that enters

the lake depends on WRT. As WRT increases, nutrients are increasingly likely to be retained in
the lake via sedimentation. When WRTSs are shorter, nutrient concentration in the inflows have

less time to be altered before being exportedthe outflow.

Theexternalsource of nutrients will also modify how lakes respond to changes in WRT. Where
nutrients are derived from diffuse sources, such as catchment sources, a reduction in WRT will
increa® the loading of nutrientgElliott and Defew, 2012}ones and Elliott, 2007; Rangel et

al., 2012) On the other hand, when nutrients are derived from point sources, which can
include waste water treatment works or-lake sediment sources, a reduction in WRT will
reduce inlake concentrations due to difion effects(Elliott et al., 2009; Jones and Elliott,
2007; Schindler, 2006; Wagner and Zalewski, 2000)

Even though the internal load can often exceed the external sources of nut(gaiéndler,
2006) studies looking at the natural fluctuation of internal load with changes in WRT are
infrequent. As with external loads, the impact of WRT on internal loading is likely to depend
on the dominam process driving internal loading in a lake. In many shallow lakes, sediment
entrainment is the dominant process causing internal loading. Reduced WRTs dmve b
linked to greater sediment entrainment, especially close to the inffma in littoral zones
(Janes and Welch, 1990; Marsden, 198%owever, resuspension of particles may not
necessarily lead to an increased release of phosph@asdergaard et al., 2003s this will

be dependent on the chemical conditions of the water and uptake by l§i&eendergaard et

al., 2003) As well as increases in the upward flux with decreasing WRT, a decrease in the
downward flux may contribute to the net increase in internal loading. Reducing the WRT may
reduce the sedimentation of P and retemiavithin the sedimentgUttormark and Hutchins,
1980) However, at Moses Lake, weakly stratifying dendritic lakethis was deemed
insignificant in comparison to the contribution of the upwards flux to the overatkimse in

internal loading following reductions in WRIbnes andVelch, 1990)
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In other lakes sediment P release is mediated by redox conditions at the sediment water
interface (see sectio.6). WRT changes that modify deeter oxygen conditions have the
potential to moderate this redoxelated Prelease. Reductions in the length and strength of
the stratified period, and the associated seasonal anoxia, may reduce internal loading. As the
influence of WRT changes on stratifioa is hot widely understood, this relationship can only

be inferred at present. Therefore, the effect that changes in WRT have on the internal load
within a lake will be dependent on the dominant processes. Similar to the external load, the

source and prcesses driving internal load will be differentially affected by changes in WRT.

Loading of dissolved organic carbon from the catchment is closely coupled to WRT, with higher
DOC loads at shorter WRRTIoming et al., 2020; Zwart et al., 20l@)omoting heterotrophy in

these system§Zwart et al., 2017)This is especially true for extreme precipitation events, that
reduce WRT and can contribute up to 58%haf seasonal flux of DO@wart et al., 2017)
Despite greater loding in short WRT lakes, retention and mineralisation rates are often lower,
which potentially dampens the effect of extreme precipitation events on heterotrophic carbon

fluxes(Zwart et al., 2017)

2.3.4.3 WRT moderates processates

Importantly WRT can drive the rate biogeochemicaprocesses, even if the direction is not
consistent. A large metanalysis of 82, predominantly European and North American, water
bodies showed that the effect of WRT was to moderate the rate of organic carbon production
and consumption, with the trophidatus determining the souresink status of the lakéEvans

et al., 2017) Similarly, denitrification rates were modified by WRT, larger proportions of N
were removed at longer WRTBlarrison et al., 2009; Seitzinger et al., 2008nger WRT
slowed the increase in total M waterbodies acting as N sinks, but accelerated the removal

from the waterbodies acting as N sourd@®ng et al., 2019)

2.3.5 Biological

WRTs can impagthytoplankton in multiple ways. They can directly modify phytoplankton
biomass through dirdcflushing and advective losse WRTs are increased above growth
rates, species cannot persias they are removed from the laKElliott and Defew, 2012)
potentially selecting for species with faster growth ratasr slower growing species. This is
evident in the absence of slow growing algal species, sucMia®cystisand Ceratium
(Reynolds et al., 2012)nd an increase in fast growing species suc8taphanodiscus st
shorter WRTLEIlidt and Defew, 2012; Reynolds et al., 201Zhis switch has been both
modelled (Elliott and Defew, 20123nd observedBeaver et al., 2013)The main change in
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phytoplankton community composition is switch to a cyanobactdoainated communities

at longer WRT¢EElliott, 2010; Elliott and Defew, 2012; Saito et al., 2013; Soares et al., 2012)
Greater cyanobacteria biomass has been recorded during low flow conditions, such as during
droughts, when WRT is long@Beaver et al., 2013; Reynolds et al., 2012; Romo et al., 2013;
Soares et al., 2012\t these times, the vertical stability and stratification of the water body is
also increase(see?.3.4.] favouring the growth of cyanobacter(ilitrovic et al., 2011; Ndges

et al., 2011; Romo et al., 2013Romoet al. (2013) observed across a year that blooms in
cyanobacteria are often during summer, whefRTs are longest. However, other factors, such

as light, nutrient load and temperature are also likely to be contributing to this, improving
summer growing conditions. Oberteggsral. (2007) showed a negative correlation between
biomass of zooplankteeRA 6t S €3S 66X on >YO0X YlrAyftée O2YLRa
perhaps showing increase dominance by the largely inedible cyanobacteria within the

community at longer WRTS.

To account for losses and prevent biomass reductions, species may increase thdirrgte.
Calculations by Reynolés al., (2012) found that if the WRT of Grasmere decreased from 65
to 28 days then the growth rate of the phytoplankton species will need to increase from 0.0155
day! to 0.036 day. Furthermore, when the WRT is reduded days, the growth rate needs

to be > 0.118 to simply overcome dilution, before accounting for losses from sinking, grazing

and mortality(Reynolds et al., 2012; Reynolds and Lund, 1988)

Additionally, phytoplanktotommunities may be affected by WRTs by the changes caused to
lake conditions. Where WRT changes modify nutrient concentrations, light conditions, or
thermal structure (as described above), phytoplankton species will be consequently impacted.
Species adapd to specific conditions may benefit at the expense of other species. For
example, if light conditions are reduceédeto increased loading of DOC from the catchment,
low-light adapted species may dominate over others. Where nutrient loads are increésed w
shorter WRTSs, this may promote additional growth, if the rate of flushing is below that of the
growth rate. Field observations of a positive \Widmass relationship suggest that longer
WRTs promote algal growth, due to increased stability of the wetdumn (Londe et al.,
2016) less advective loss of algal célledn et al., 2016; Londe et al., 2016¢4s et al., 2009;
Mitrovic et al., 2011; Rangel et al., 20H2)d reduced flushing of nutrients from the system
(Elliott et al., 2009; Gophen, 2003; Jones and Elliott, 2007gdRat al., 2012; Reynolds et al.,
2012) This means the time available for utilisation of these nutrients is longer, enhancing

growth (Jones eal., 2011)
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The source of the nutrients to the system can affect the impact of WRT on phytoplankton.
Changes in WRT caused different responses when nutrients inputs were dominated by diffuse
or point sourcegElliott et al., 2009; Jones et al., 2011; Jones and Elliott, 200@8)PROTECH
model, which simulates the responses of phytoplankton to mmrhental change, including
WRT,wasused to investigate these differential impacts. The model showed that when the
nutrient load was fixed but WRT decreased (i.e. if nutrients were from a point source) there
was a predicted decrease in phytoplankton bioméskiott et al., 2009; Jones et al., 2011;
Jones and Elliott, 200@due to dilution of nutrients and washout of phytoplankton céllsnes

et al.,, 2011) Conversely, when nutrients were mainly from diffuse sources, there was little
change in phytoplankton biomasgsresponse t&VRTchangegElliott et al., 2009; Jones et al.,
2011) as increased nutrient inputwas offset byincreases in advective losses and
sedimentation(Elliott et al.,2009; Jones et al., 2011)

As well as phytoplankton biomass, the duration and timing of the blooms is affected by
changes in WR{Elliott, 2010; Jones et al., 2011; Jones and Elliott, 20@8@dlelling studies,
have shown that at shorter WRTs the onset of the spring bloom is (ateres et al., 2011;
Jones and Elliott, 200./Mowever, Elliott, Jones & Page (2009) found that at the shortest WRTs
(<18 days) the onset wasdught forward with little changes as the WRT lengthened. This
difference may be due to be initial populations present within the lakes and othesséeific
limiting factors controlling growth. Longer WRTSs also extended the duration of the bloom into
the year (Elliott, 2010; Elliott et al., 2009; Jones and Elliott, 200@phes & Elliott (2007)
demonstrated that at longer WRTSs the algal blooms could be extended by up to 150 days.

Similaly to patternsreported for otherbiogeochemical praessrates, Luca®t al., (2009)
suggest that WRT acts to moderate the rates of change in biomass, rather than causing the
directional change itself. They argue that it is the grolets relationship which is vital in
determining the effect of WRT on ploglankton biomass. Where growtiatesexceeds loss

rates any increase in WRT will amplify the net biomass increase, whereas when loss processes
exceed growth, increased WRT will amplify net loss of biontagare€2.1). This theoretical

model summarises the diversity of relationships seen between phytoplankton andM/E&as

et al., 2009)
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Figure2.1 Relationship between rates of growthy{win) and loss_(,s9 determines the effect of
WRT on phytoplankton biomass (B*). Orange = where loss > growth, blue = growth > loss.
Moving horizontally across the graph from left to right indicates increasing WRdJ).(T

Although not studied in the same detail or at the safrequency as phytoplankton response,

it is noted that zooplankton are susceptible to depletion during increased flows and when
WRTs are shofBeaver et al., 2013; Rangel et al., 2012; Reynolds et al.,.Z0d@)lankton
abundance and composition can be affected by WiRa combination of ways-{gure2.2;
Threlkeld, 1982; Beavet al., 2013)

1. Nonselective washoutof species occurs when zooplankton are unable to compensate
for losses with higher growth rate, affecting abundance. Direastvout affects
zooplankton in a similar way to phytoplankton in causing advective losses at short WRTs
(Beaver et al., 2013; Obertegger et al., 20@gditionally in zooplankton, washout affects
the different life-stages of the zooplankton in different ways, with juveniles more
susceptible to shorter WRTs than aduyi@bertegger et al., 2007Yhis would decrease
population numbers due to poor recruitmeri©bertegger et al., 2007) Similar to the
dominance of certain phytoplankton, zooplankton species with a shorter regtocu
time are able to ofiset their flushing losses, allowing them to domin@Rennella and
Quirds, 2006) This accounts for the increase representation of rotifers and some smaller,
quick growing cladocera at short WRGbertegger et al., 2007; Rennella and Quirds,
2006)

2. Modification to the local conditions influence zooplankton throughiotic control,

including changes to food availability in the form of phytoplankt@/RT also controls
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abiotic conditions, such as trangeacy which have been shown to affect reproductive
success in certain cladocef@hrelkeld, 1982)However, this impact was shown to be a
temporary response to a sheterm change rather than a strategic response over a
longer period (Threlkeld, 1982) These changes may affect abundance, if growing
conditions become unsuitable, and community structurespkcies are differentially
affected.

3. Speciesspecific responseso WRT will favour selection of some species over others

causing community composition changes.

CLIMATE
WEATHER \
AQUATIC WATER
ENVIRONMENTAL RENEWAL
QUALITY
\ WATERSHED
BASIN
CHARACTERISTICS
YV
BIOTIC
INTERACTIONS \
ZOOPL ANKTON
COMMUNITY
STRUCTURE

Figure2.2 Reservoir zooplankton communisycontrolled by the direct dilution and transport
effects of WRT (right side) and by modification of environmental qualitiatid interactions
(left side)(Threlkeld, 1982)

The dominant control of WRT on zooplankton is unclear. Threlkeld (1982) suggests that WRT
effects zooplankton through modification of lake conditions (food availability, light climate,
temperature etc.), independent of flushing effect, which then influerm@oplankton
population dynamics. This conclusion is drawn from the relationship between WRT and
transparency, which would influence productivity and thus food availability. However, it has
also been suggested that mechanical losses are more importargnimodling zooplankton
dynamics than food availabilifBeaver et al., 2013 his is exemplified in reserv@aphnia
populations which exhibited reductions in biomass even when food resources increase
(Beaver et al., 2013)These differing conclusions suggest that the dominant control is likely to

be dependat on the species in question.
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Crustacean and copepods show decreases in biomass and abundance with shorter WRTs
(Obertegger et al., 200Rennella and Quirds, 2006)he magnitude of the summer peaks in

all zooplankton and copepods were greater during the dry summers when WRTs were longer
compared to wetter summeréRennella and Quirés, 2006€}alanoid copepod densitiegere

found to be higher in longer WRT systems and up to 9 times lower in shorter WRT systems (2.6
Lt comparal to 18.7 1) (Doubek et al., 2019Calanoid taxa may be particularly influenced by
shorter residence times because of the longer generation time and the time taken for
individuals to reach sexual maturiffpoubek et al., 2019 Converse}, evidence shows that
rotifers arenot affected by changes WR®@bertegger et al., 2007; Rennella and Quirds, 2006)
and their biomasss generally controlled through exploitative competition with crustaceans

for phytoplankton(Obertegger et al., 2007Pominance of rotifers at shorter WRirgy be

due to the relative decrease in crustacean or the release of rotifers from competition with
crustaceans for resourcedhe balancebetween rotifer and cladocera dominance was
guantified by Oberteggeet al. (2007). They identified a critical WRT in Lake Tavehort
residence time karstic lake ittaly as 193 days as the switch between cladocera and rotifer
dominance(Obertegger et al., 2007although it is kely that this is variable across different

systems

2.4 Lake physics and heat fluxes
Water temperdure F YR a0NJ} GAFAOI A2y ReylFYAOaA Ay f11Sa

budget andhe balancebetweenheatlossesind3d | Aya s> Y2aiGft e 2 @adeNNAyYy 3 | {

(Schmid and Read, 2021; Woolway et al., 201%hg surface heat flux is made up of the
incoming longwave Qin), outgoing longwave (o), incoming shorwvave Qsin), and the
sensible Qh) and latent (evaporative):) heat fluxegSchmid and Read, 202 %j)ith additonal

heat fluxes from advectior(ta,) and lake sediment€Xeq (seeFigure2.3).
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Figure2.3 Components of the heat exchange between a lake and the environfiment
Schmid and Read, 2021)

In this thesis, positive heat fluxes will relate to heat coming into the lake and negative fluxes
to heat going out and given agae ofheat change per unit area in Win

1 1 1 1 1 1 1 1 . (2.3)
The surface heat fluxes dominate the heat budget, driving annual pattefnlake
stratification, and are also subject to the impacts of climate chdrge et al., 2014a; Bmid
and Read, 2021; Wetzel, 2001b)

The radiative fluxes are the short and lewgve radiations. Incoming shortwave radiation is
composed of the sum of all wavelengths between-3000 nm and expresses the energy from
the sun, varying due to latitudegloud cover, elevation, and shading. Some shortwave
radiation will be reflected from the lake surface, based on the albedo, again varying by
latitude, elevation, time of day, season, and wave or ice condit{&ik, 2010) Incoming
longwave radiation is the largest heating term, and the-going longwave the largst loss
term (Livingstone and Imboden, 1989ncoming longvave magnitude is determined by
atmospheric temperature, humidity, and cloud cover, and approximately 97% of incident
longwave is absorbed by & | SQa (Sduhd an® Bead®021) Outgoing longwave
radiation is a function of surface water temperature and often more than cancels out the
incoming longwave, giving a net cooling longwagleévingstone and Imboden, 1989; Schmid
and Read, 2021)
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Nonradiative fluxes at the ahwater interface are the sensible and latent heat fluxes. The
sensible heat flux is a conductive flux between the lake surface and the atmosphere and can
be a gain or loss term depending on meteorological conditions and lake surfacersgmpe
(Schmid and Read, 202The temperature gradient between the lake and atmosphere will
determine the magnitude and direction of the heat flux, but is primarily a heat loss(feirmk

et al., 2014a; Schmid and Read, 20Z3)eater installity in the atmospheric boundary layer

will also increase the heat loss from the lake, especially for smaller (s4eslway et al.,
2017b) The latent heat flux of evaporation quantifies the energy that isdogained at the

lake surface via a evaporation or condensation and varies according to the moisture and
temperature gradients, which is based on the atmospheric conditions above théSakeid

and Read, 2021Most latent heat exchange occurs as evaporation, giving a net cadfewy

on the lake. The latent heat associated with melting ice also needs consideration in the heat
budget of icecovered lakegWetzel, 2001h)

The sediment heating term is determined by water depth and the adsorption of solar energy
by the sediments. Generally, the sediment heat flux contributes a cooling flux during the warm
season when heat is transported from the water column into the sediraadta warming flux
during the cold season as the heat is released back into the water cdleamy and Stefan,
1998; Wetzel, 2001b)The sediment heat storage is most relevant for shallow lakes which
receive direct solar heatingp sedimentsand in the littoral zones of deeper lakébe La
Fuente, 2014; Wetzel, 2001bJurthermore, the effects of heat exchange between the
sediment and the water are most noticeable in-m®/ered lakes where the heat fluxes across
the lake surface are limitegSchmid and Read, 20215lowever, egn in these lakes the
seasonal heat flux between the sediment and the overlying water typically does not exceed a
few W m? (Schmid and Read, 2021)hereas surface heat fluxes are typically in the order of

hundreds of W m.

The final heat flux is the advective heat fl@d). Thequantification of theQuav is given by
Livingstone and Imboden (198483,

& # M 4 4 .

1 | h (2.4)

where Fiow is the discharge into the lake £8?), and Tinfow ¢ Toutiow) iS the temperature

difference between the inflow and the lake outflow (°C), where the outflow temperature is
assumed to be equal to the lakerface temperaturedA & G KS f I 1 S®andGwzNF I OS
and " are the specific heat capacity and density of wataken here to haveéhe constant

values 04200 J kg °C and 1000 kg farespectively.
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Few studies look at the importance dfeadvective fluxPrevious work has shown that the
advective heat flux can be a warming or a cooling flux at different times of the year, although
in many studies it has found to be net cooling flarmack et al., 1979; Finkat, 2014a)

with minor warming in the early sprin@Fink et al., 2014aHowever, the overall seasonal
pattern of the advective heat flux is determined by the difference in terapge between
inflowing and outflowing water, assuming a constant lake volbingstone and Imboden,
1989; Schmid and Read, 202Groundwater and surface waters can both act as advective
fluxes, with groundwater generally acting asaoling flux(Kettle et al., 2012)TheFniowand
Tinflow- Toutiow  t€rms  determine the temporal dynamics on seasonal and-sedsonal
timescales, with greater temperature differences and dischargesasing the magnitude of

the heat flux. Additional parameters to consider in the quantification of the advective flux may
come from the complex drawff dynamicsor water pumping in reservoir&ing et al., 2012)
and anthropogenic heat pollutigfirom power plants for examplgKirillin et al., 2013; Raman
Vinna et al., 2017)r heat extractionGaudard et al., 2019)

Ultimately, the direction of theadvectiveheat flux, warming or cooling is determined by
whether the inflow is warmer or colder than the lake surface, and therefore the outflow water.
Changs to residence time can change the magnitude of the {kenocchi et al., 2017;
Livingstone and Imboden, 1989; Smits et al., 20@@yeasing at shorter WRTHoweverthe
impact of the advective flux is rarely considered in the heat budget, and the effect of WRT
changes on thermal conditis is not well understood, especially in shmgsidence time lakes
where the impact is likely to be larger.

Longi SNY &aStkazylf OeO0ftsSa Ay GKS KSFO 0dzR3IS
and the relative change in tilt of its axis towardsr(sner) or away from the sun (winter) and
magnitude of the oscillation between the seasonal extremes is primarily driven by latitude,
with higher latitude locations experiencing greater changes in solar radiation. For example,
temperate lakes experience er seasonal variations in incoming solar radiation, which drive
temporal variability in the net heat balance, heating the lake in the summer and cooling it in
the winter (Livingstone and Imboden, 1989; Schmid and Read, 2@2tjing to pedominantly
monomictic or dimictic stratification patterns. Conversely, in tropical lakes, incoming solar
radiation, and other heat fluxes are more consistent, resulting in small seasonal variation in
the heat balancSchmid and Read, 2021; Wetzel, 2001bjer-annual differences in heat
budgeas may be caused by large scale climate cycles such as th@ESdithern Oscillation

or the North Atlantic Oscillation causing anomalous precipitation, wind speeds, and air

temperatures, particularly in North America and Europe, modifying heat budgets.
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2.4.1 Impact of climate change o heat fluxes

Climate change impacts different terms of the heat budget, most directly through changes to
air temperatures(Schmid and Read, 2021¢ading to increased incoming longwave and
changes the sensible heat flux between the lake and atmosp{&skmid and Read, 2021)
Solar brightening increasing incoming shoewave radiation,has also been found to be
contributing to warming of lakes beyond what would be expected with air temperature rise
alone (Schmid and Koster, 2016although increasedumidity and cloud cover may be
reducing shorwave incidenceKirillin et al., 2017)As lake temperatures increase the heat
losses through outgoing longwave aladent heat flux will also increag€&ink et al., 2014a)

The timing and magnitude of river dischar@enell and Gosling, 2013; Gudmundsson et al.,
2021; van Vliet et al., 2013nd the irregular heating of riverelative to lakeqFink etal.,
2014a; Jonkers and Sharkey, 2Q1s)ikely to have corresponding impacts on lake heat fluxes
and water temperaturegFenocchi et al., 2017; Fink et al., 2014a; Livingstone and Imboden,
1989; Smits et al., 2020 owever, the changes to the advective heat flux are not regularly

guantified in climate change impact studies on lakes.

2.4.2 Stratification

The differentseasonal patterns of heating and cooling experienced by different ledese
different patterns of verticalmixing and partitioning of the water column, termed
stratification. Lake stratification describes the vertical partitioning of the water column into
three layers with distinct characteristics (Seigure2.4). The uppermost of these three layers
is theepilimniong the warmer, mixed, surface layer of the lai@oehrer and Schultze, 2008;
Kalff, 2002) This upper layer experiences turbulence, mainly in the form of wind sheasand
in contact with the atmospher&alff, 2002) The depth of this mixed layer primarily depends
on wind speeds and the resistance to mixing forces from the density gra@eiff, 2002;
Wetzel, 2001h)Wind speed is a function of lake surface area and fetch, with lakes with a
larger surface area and fetchmgerally experiencing higher wind speeds and therefore tend to
have deeper surface mixdayers(Gorham and Boyce, 1989; Winslow et al., 20Thg colder
deepwater zone, thehypolimnion is largely no#urbulent and separated from the
atmosphere. These two zones are separated by a transitinoaé, the metalimnion

characterised by a steep temperature gradiethiefmocling (Boehrer and Schultze, 2008)
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Figure 2.4 Conceptual temperature profile during a stratified period, comprised of an
isothermal epilimnion (mixed layer), the cooler mixed hypolimnion, separated by a
metalimnion, with a steep temperature gradient.

Stratification is brought about due to the densitdifference in waters of different
temperatures, changing nelnearly with a maximum density at 3.94 °C. Therefore,
differential warming of lake water can set up temperature and density gradients within the
water column. Faster warming of the surface ef& compared to the deeper waters means
that this warmer, less dense water remains above the colder more dense water deeper down
(Boehrer and Schultze, 2008; Kalff, 20@2sustained period of stratification occurs when the
turbulence and mixing energy fm wind and mechanical processae unable to mix solar
energy, received at the lake surface, deepeithe lake(Boehrer and Schultze, 2008)he
breakdown of stratificationpverturn, occurs when cooling at the surface reduces the density
difference sufficiently that the resistance to mixing is smaller than the mesmgggies. This
re-establishes an ishermal structure in the water column. If the water cools below 3.94 °C,
the temperature of maximum density, a periodiofrerse stratificatiormay occur, in which

the surface water is cooler bl#ssdense than deeper water.
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Figure2.5 Relationship between water temperaturedawater density. Maximum density is at
3.94° C. Water densities calculated using rLakeAnalyzer R patkagion 1.11.4.1; Read et
al., 2011)
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Lake morphometry and climate determine the type of stratification that a lake experiences,
originally classified bidutchinson and Loffler (195@)d revised byLewis (1983)nto eight
mixing regimesTable2.2): two monomicticregimes dimictig four polymicticregimes and
amictic The meromictic classification include lakes in which the deep recirculation does not
include the entire water body where a chemically different bottom layer, called
monimolimnion, is continuously been present for at least one annyealedBoehrer and
Schultze, 2008)Polymictic lakes tend to be shallow omryevind exposedKalff,2002) with
monomictic lakes dominating over dimictic systems at lower latitudes or altitudes where the
mean annual temperature is higher than 10 (Kalff, 2002) Shallow, winebrotected
temperate lakes stratify when maximum depth is greater than 3 m, with larger |aR&sk(¥)
requiring at least a maximum depth of 20 m.

Table2.2 Lake mixing regime types (after Lewis 1983), plus the additional classification of
meromctic.

Frequency of full water
Mixing regime column mixing(per Description
year)
Mostly icecovered, becoming ice
Cold monomictic Once free in summer, temperatures
consistently < 4 °C.
Have one period of continuous stabl
Warm monomictic Once stratification followed by one mixing
period. Are icdree yearround.
S . Ice cover for part of the year and
Dimictic Twice
stably stratified.
Ice covered for part of the year and

Discontinuous cold
Many times, irregularly ice free above 4 °C. Stratify during

polymictic _
warmer periods.
Discontinuous warm ) _ Stratify during warmer periods,
o Many times, irregularly
polymictic mixing regularly.
_ Ice covered for part of the year and
Continuous cold ) _ _ _
o Many times ice free above 4 °C. Strateyd mix
polymictic _
daily.
Continuous warm ) _ _ _ )
Many times No ice cover. Stratifgnd mix daily.

polymictic

42



Chapter 2Background and caext

Continuously iceovered. Rare
Amictic Never classification of lake confined to
Antarctica.
A lake in which deeper water does
o not circulate during overturn due to
Meromictic Very rarely o _
its high density (usually thesult of a

high salt concentration).

Water transparencys also important in determining the heat transport and the development
of stratification(Kirillin et al., 2017)Incident radiation is able to penetrate deeper in more
transparent lakes, whereas in higheurbidity or highcolour lakes, more of the radiation is
absorbed in the upgr portion of the water columiiKalff, 2002) Thus, higher turbidity lakes
often have shallower mixed depths compared to clearer lakes with equivalent meteorological
forcing(Kirillin et al., 2017)

In warm monomitic lakes, the temperatures follow a typical annual cycle of stratification and
mixing, following changes to the heat budgBbehrer and Schultze, 2008; Kalff, 2002; Wetzel,
2001b) In spring, the surface waters of lakes are heated more rapidly than the heat is
distributed by mixing energy. Increased temperature at the surface increases the resistance
to mixing due o density differences and complete mixing is inhibited, creating a stratified
water columng stratification onset The water column is split into the three layers, with the
upper layer being isothermal, the metalimnion exhibiting a steep temperature grgdieth

above an isolated cooler hypolimnion. The depth of maximum temperature gradient is termed
the thermocline The depth of the mixed layer and thermocline changes depending on
meteorologicalconditions thatdrive turbulence and convective cooling in the upper layers.
Lakes begin to cool in the autumn, with losses of heat exceeding gains, as surface water
temperatures begin to exceed average daily air temperatreff, 2002) Eventually the
density difference between the epitinion and the metalimnion reduces below the wind
energy(Carmack et al1986) resulting in thermocline erosion and mixed layer deepening, as
cooler metalimnetic water is incorporated into the mixed layer. Autusaarturnis complete

once the lake has become isothermal until ice cover establishes (in dimictic lakes) or the
following stratification onset in the spring. Overturn in winter may also be driven in part by
the advective heat fluxes and turbulence from groundwater and/or surface flgetle et al.,

2012; Laval et al., 2012f surface waters continue to cool below 3.94 °C, ice cover can form.

Ice covered lakes exhibit a temperature gradient from 0 °C at the surface to a maximum
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temperature in the water column from when ice cover was establisfiaff, 2002) Small
convective currents may develop iiog this time, due to solar energy penetrating the ice or
through the intrusion of inflowgKalff, 2002; Palmer et al., 2021%pring melt occurs due to
increased solar energy, surface ice melt and addition of warm inflows, mixing with the < 4 °C
water below the ice. This induces turbulence, which alongside increasing solar nadetiges
water column mixing and ieeff. The degradation of winter ice cover can be rapid, often taking
place in a few hours, especially if associated with a strong (Mfedzel, 2001h)Following ice

off, the water at all depths is near the temperature of maximdensity and warming or
cooling only elicitssmall changes in density difference per unit change in temperature.
Therefore, the resistance to mixing is small and low wind energy is able to mix the water
column, maintaining a fully mixed water column. Tikishe spring overturror spring mixing
event. In a monomictic system these conditions would persist from autumn overturn until the

next stratification onset.

The stability of the stratification or stratification strength is quantified in numerous ways,
generally describ&the resistance of the water column to full mixing or the energy required to
fully mix the water column. A simplistic metric for understanding stratification strength is the
difference between surface and bottom temperature. Due ke tnonlinear relationship
between temperature and density, and the impact of salinity on density, a more useful metric
is the density dference between top and bottom. Another metricgtBnidt stability is the
amount of energy required to mix the waterlamn to isothermal conditions and is given per
unit area (W rf). Initially formulated by Schmidt (1915) and revised by Idso (1973), it
quantifies the resistance of stratification to disruption and the extent to which the

hypolimnion is isolated from theusface(Wetzel, 2001b)

2.4.2.1 Importance for lake functioning

Stratification dynamics are important for the functioning of lake ecosystems. During
stratification, the density gradient inhibits mixing across the thermocline, governing the
vertical distribution of nutriets, biota, and dissolved gasg@&alff, 2002) The mixing regime is
important in determingthe likely presence of an isolated hypolimnion, the light climate
experiencedy phytoplankton, and the availability of appropriate thermal and oxygen habitat

for aerobic organisms, amoragher lake functions.

The stability of the stratification as well as the length of the seasonally stratified period is
AYLERNIFYG F2NI oA2GFY SaLISOAFfte LKeG2LX Fyli2y o

the metalimnion and the restrictions imposexh circulation as well as the modifications to
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the light climate experienced by phytoplankton, makes stratification the single most important
LIKEAAOlIt S@Syld F2NJoAz20léd ¢KS 2yasSi 2F adNy
layer improves thdight climate for phytoplankton, as mixing in the surface layer maintains

cells in the euphotic zone. The relationship between surface mixing depthd@d euphotic

depth (%) is important for determining the vertical distributions of phytoplanktonrbass

(Figure 2.6Kalff, 2002; Hamiltoet al., 2010) Where is & deeper than Zixa deep chlorophyll

maxima (DCM) can formReductions in water clarity ass@ted with eutrophication can

prevent the formation of a DCM and the chlorophyll maximum occurs closer to the surface

(Hamilton et al., 2010)

Biomass Biomass
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Figure2.6 Influence of the euphotic depth{Xand mixed layer (£) on the vertical distribution
of phytoplankton biomass (modifidcbm Thorrton et al., 1990)

More stable stratification favours buoyant species and those able to control their position in
the water column(Fadel et al., 2015Flagellated phytoplanktqrand those with gas vesicles,

are able to control their position within the water column and hence have a competitive
advantage over other species in stratified systems. Increasewater column stability
therefore increase the risk of cyanobacterial bloon{Paerl and Huisman, 2008; Winder and
Sommer, 2012) Cyanobacteria form buoyant surface blooms that shade out other
phytoplankton and suppresses their growth through competition for l{gbhnk et al., 2008)
Earlier and longer stratification, alongside surface warming trends, have been associated with

broad sale increases of cyanobacteria abundances in US rese(%omscker eal., 2021)

Stable stratification, especially in productive lakes, drives oxygen depletion in the
hypolimnion, leading to anoxia under high rates of depletidhe typolimnion is isolated from

the airwater interface, preventing oxygen being mixedagmvards. Oxygen used uip water
column respiration, the mineralization of organic matter, and the release of reduced
substances from anoxic sedimgouffard et al., 2013; Miiller et al., 201&nnot be
replenished, so oxygen concentrations reduce. Therefore, the length of stratification is
important for determining how long the hypolimnion is isolated from the atmosphere and

consequently the spatial and temporal extent of anoxia in a (8kertheim et al., 2017; Zhang
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et al., 2015) The relationship between stratification and oxygen dynamics is further explored
in Section2.6.2

Changes to water column stability modify vertical mixing enérgmz et al., 1990; Imberger,
2013; Saber et al., 2018J)ertical diffusivities can vary by orders of magnitude throughout the
year depending on water column stability: higher vertical diffusivity under low stability and
lower vertical diffusivity under higher stabili§Cornett and Rigler, 1987; Saber et al., 2018)
The two chiefly cited sources of vertical mixing energy in lakes are wind and surface cooling
(Imberger, 2013; Saber et al., 2018)t inflows into lakes also have the potential to affect
vertical mixing. Additional cooling from the advective heat {Bectior2.4) may also promote
convective nixing and reductions in water column stabilig¢imura et al., 2014; Liu et al.,
2020)increasingverticalmixing(Brand et al., 2008; Maclintyre et al., 200Phese changes in
stability, ould therefore have consequences for the downwards mixing of oxygen into the

hypolimnion, rarely investigated thus far.

2.5 Climate change impacts on lake thermal dynamics

Anthropogenic greenhouse gas emissions have increased global temperatures by ae averag
of 0.85 °C (0.64.06 °C) between 188R012 (IPCC, 2014)Temperatures are expected to
continue to rise and are likely to exceed +1.5 °C by the end of the century relative to baselines
(1850:1900; IPCC, 2014). Given the coupling of lakes and clifditian et al., 2009; Schindler,
2009) the impact of climate warming has the tpatial to impact lake physical functioning

including water temperatures, stratification and mixing dynanfi®olway et al., 2020)

2.5.1 Changes to water temperatures

Many lake are experiencing increases in surface water temperafuteQwS A f t @8Th& 0 I £ @ H 1|
mean rate ofwarming of lakes was found to i34 °C decadé(19852009),althoughthe

rate is variable and some lakes are exhibiting cooling tréndsQw S A £ f & Héafbudgdt @~ H A mMp 0
analysis suggests that around 80%@awm temperature warming will be converted into surface

water warming, due to increased rates if evaporatf®oderick et al., 2014; Wang et al., 2018)

Some lakes are experiencing warming rates that exceed air temperature increiisbateul

in some instance® earlier onset of stratification. In Laurentian Great Lakes, earlier onset of

stratification has contributed to warming rates above those of air temperafAwestin and

Colman, 2007; Piccolroaz et al., 2015; Woolway and Merchant, 2@at}ier stratification

reduces the volume of water affected by surface heating, increasing the rate of warming

(Piccolroaz et al., 2015; Woolway and Merchant, 20B8ditional warming may also be
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coming from increases in incoming solar radiatisoldr brightening, linked to improved air
quality (Schmid and Kdster, 2016)nconsistent trends with air temperature warming suggest
that lake specific parameters are important, indlugllake morphometry(Kraemer et al.,
2015; Winslow et al., 2015limate regionfWoolway and Merchant, 2017and lake clarity
(Pilla et al., 2018; Rose et al., 2017; Tanentzap et al., 2008)

Rates of warming also vary due to ledqecific characteristics. Smaller lakes in Wisconsin were
found to have different warming trends to larger lakes in the same redMinslow et al.,
2015) In lakeswith surface areagess than0.5 knt, the warming trend was confined to the
upper-most layers and little change was found in the deeper waters, whereas in larger lakes
warming trends were at a higher rand more consistent throughout the water column
(Winslow et al., 2015)This difference is thought to be due to lowema driven turbulence

over smaller lakes, due to smaller fetch, and thereforeimgi>of heat lower into the water
column is reduced(Winslow et al., 2015)Lakes of different mixing regimes leaghown
different patterns of warming, with polymictic lakes showing greater rates of bottom water
warming than stably stratifying lakegRichardson et al., 201dpe to frequent mixing events

during the summer that mix heat throughout the water column.

Temperature changes in lake temperatura®e temporally variablgToffolon et al., 2020;
Winslow et al., 2017 differing between seasorfsVinslow et al., 2017; Woolway et al., 2019b)
Trends in summer arming have been the primary focus, but there is increasing evidence that
to fully understand climate change impadtaowledge of impacts throughout the year is
needed(Winslow et al., 2017)Annual minimum temperatures in Blelhararn in the English
Lake district, are increasing at twice the rate ofnsner temperatures and in Loch Feeagh,
Ireland, the rate is four times fast@Noolway et al., 2019bAnalysis of monthly surface water
temperature warming rates in lakes situated in Wisconsin, USA found that temperature
warming rates in late summend early autumn (0.06@.081 °C yed) were more than twice

the rates in spring and summer (0.681013 °C yed) (Winslow et al., 2017)Understanding

this month to month variability is ingrtant as it can exceed betwedake differences in

surface water warming rate@Vinslow et al., 2017)

2.5.2 Changes to lake stratification and mixing regimes

Warming has also caused changes to lake mixing regfKiediin et al., 2017; Kraemer et al.,
2015; Shatwell et al., 2019; Wisay and Merchant, 2019Projectionsunder future climate

are for lengthening and strengthening of the summer stratified period in monomictic and

dimictic lakeqDarko et al., 2019; Ladwig et al., 2021; Smucker et al., 2021; Woolway et al.,

47



Chapter 2Background and context

2021b) due to preferential warming of theurface waters, and reduced warming or even
cooling in some lakes at deptfRichardson et al., 2017RAlready, evidence shows that
stratification onset has become earliFoley et al., 2012; Winder and Schindler, 2004;
Woolway et al., 2021bjue to warmer spring temperatured-oley et al., 2012; Magee and
Wu, 2017) Woolwayet al.(2021) showed that in the Northern Hemisphere stratification onset
is projected to be 22 + 7 days earlier under a high emissions sceleagohening stratification

by 33 + 12 days overall.

Additionally, climate change warming is projected to change lakes from dimictic to monomictic
(Raman Vinna et al., 2021; Woolway and Merchant, 20G®)bal analysis suggests 17%0 o
lakes likely to experience this alteration by the last decade of the cerfifigolway and
Merchant, 2019) including the loss of ice cover and reductions in inverse stratification in
winter (Sharma et al., 2019; Woolway et al., 201%8)me lakes that are currently monomictic
are projected to become meromictiFenocchi et al., 2018; Mesman et al., 202djth
stratification persistingfrom one summer to the next without complete mixifi¢/oolway et

al., 2020) Deep lakes are already showing reductions in the occurrence of complete winter
mixing (Rogora et al., 2018; Yankova et al., 20lut)ich hasmplications for the seasonal
replenishment of oxygen in the hypolimnion (see Secf2dh?. Future projections in Lake
Geneva estimate that this deep lake will had@% fewer complete mixing events by 2100
(Schweféet al., 2016)

2.5.3 Non-air temperature changes

Despite the focusn air temperature changeis most climate change studigether factors

can contribute to surface water temperature changéhanges to wind speeds and water
transparency have also been sto to be driving or modifying longerm trends in water
temperatures(Butcher et al., 2015; Pilla et al., 2018; Stetler et al., 2020; Winslow et al., 2015)
Wind stilling patterns in recent decad@gdcVicar et al., 2012)ave been linked to increasingly
stable stratification and higher surface temperatur@&etle et al., 2020; Woolway et al.,
2019a, 2017a)Jsing longerm records and hydrodynamic modelling, atmospheric stilling, has
been attributed to 27% of the increase in water column stability in northern hemisphere lakes,
and shallowing of surface mixedyker as wind speeds have declingstetler et al., 2020;
Woolway et al., 2019a)Stilling has led taohger stratified periods in monomictic lakes and
extended thermal stratification in polymictic laké3tetler et al., 2020; Woolway et al., 2019a,
2017a) Higherforest cover related to increased wind sheltering is also associated with cooling

bottom waters despite regional climate warmi i§anentzap et al., 20087s the tree line is
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expected toadvance under a warmer climatkere is expected tde increasas inthe length

of stratificationin these regiongKlaus et al.2021)

Water clarity is important for heat distribution and the vertical extent of warn{Bgtcher et
al., 2015; Richason et al., 2017} akes with highewater clarity exhibit greater rates of deep
water warming(Butcher et al., 2015andreductions in clarity are linked to increased surface
warming (Pilla et al., 2018; Richardson et al., 2048)more heat is absorbed in the upper
water column(Kalff, 2002) Brownification in Lake Giles previously transparent (Secchi
depth = 7.2 m) deep lake (maximum depth = 24fno)n 1988 to 20% was linked to a 1.04 °C
decade! increase in surface temperature and a 1.54 °C detaneleepwater temperature

when there were no significant air temperature trendlla et al., 2018)

Changes in precipitation and evaporation driven by climate warnflRgC, 2014are
projected to hduce change in river flow for large proportions of the w@Adnell and Gosling,
2013; Milly et al., 2005; van Vliet et al., 2013yditionally, increased pressure on water
resources from abstraction is also likely to modify river dischépgdl et al., 2009; Rio et al.,
2018) Already trenls of river flowsprovide evidence for the role of anthropogenic climate
change as a causal driver of recent trends in global river fi@usimundsson et al., 2021)
Projcted changes to discharge can be large, and, unlike air temperature warming, may be bi
directional,ranging from large increases50%) to large decreases (> 80%), depending on the
climate projections, geographic regigArnell et al., 2015; van Vliet et al., 2018)d even
between catchments in the same regi@Rowler and Kilsby, 2007; Garner et al., 2017a)
addition to annual changepotential changes to river flow seasonality is projected, resulting

in larger peak flows and lower low flofBrudhomme et al., 2013; van Vliet et al., 2013)

River flow projections are generally more uncertain than air temperature warming and have
been less often considered in climate impacts on lgBag/er et al., 2013; Christianson et al.,
2020; Komatsu et al., 2007; Taner et al., 2011; Valerio et al., 2028¢lling studieshat have
considered river flow cheges have mostly used watershed modelling coupled with
hydrodynamic or ecosystem models to look at specific projections of climate in an individual
lakes(Bayer et al., 2013; Komatsu et al., 2007; Taner eR@l.1; Valerio et al., 2015)sing
down-scaled climate projections. The impacbf future climate on lake temperatures is
generallydominated by air temperature warmin@laner et al., 2011; Valerio et al., 2015)
Some studies have considered flow and air temperature results separately and together to
disentangle these coccurring impacts, showing that river flow changes modetat@rming

effects to some exten{Bayer et al., 2013; Valerio et alQ15) In Lake Ise(annual average
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WRT = 4.3 yearsy)hen flow changes were not included epilimnetic temperatures were up to

3 °C warmer than when they we(¥alerio et al., 2015All studies that have modelled future
river flow impacts have looked at maximum of two scenar@@sen the uncertainty around
projections of river flow assessing a larger range of river flow conditions would give greater
insights into how a range of lakes might respond to climate induced flow changes. Modelling
of smaller, shorresidence time lakebas also been neglected, despite the likely importance

of flow changes for these systems.

2.6 Deep water oxygen dynamics and internal loading

Hypolimnetic oxygen concentration during the stratified period is a key lake water quality
indicator. Low oxygen caentrations (< 2 mg .1, hypoxig or complete deficiency (< 1 mg

O L1, anoxig during large periods of the year, due to increased metabolism of organic matter
(Bouffard et al., 2013; Cooke et al., 200&n be indicative of eutrophication. Hypolimnetic
anoxia is of envimmental importance as it limits habitat availability for aerobic organisms,
causes reducing redox conditions under which nutrients, such as phosphorus, are released

from the sediment into the water column.

2.6.1 Sources and sinks ofiypolimnetic dissolved oxygen

Dissolved rygen(DO)concentrations are determined by a complex interaction of production

and consumption processes, including sediment and water column (areal and volumetric)
oxygen demands, diffusion and turbulent mixing of oxygen from thevaier interface, as

well as primary productio(Bouffard et al., 2013; Cornett and Rigler, 198uller et al., 2012)

These processes vary seasonally due to changes in productivity, in response to external drivers
such as the loading of organic matter and nutrients from the catchm@et&yto et al., 2016;

Marcé et al., 2008)and due to changes intiel 1 S Q& { K S (#hkoh et al.{( 20060 ( dzNB

Oxygen supply from the atmosphewecursdue to subd I G dzNJ G A2y |G GKS {1 1SQ
Molecular diftisionin calm waterss very weak and windinduced turbulence is the major

mechanism of DO changéKalff, 2002) In-lake sources of DO amominated by primary

production in the euphotic zonePhotosynthesis by phytoplankton, benthic algae, and

macrophytes produce dissolved oxygen in the euphotic zone. Higher rates of primary

production are therefore related to elevated concentrations of gey.In the hypolimnion,

mixing of oxygen downwards, from these productive and surat®acting zones is the

primary source of oxygen during stratificati@ouffard et al., 2013)

50



Chapter 2Background and context

Rivers and streams are often highly oxygenatedintaining saturation above 85% and even
become supersaturated, therefongroviding oxygen to the lake(Neal et al., 2002; Wetzel,
2001c; Williams and Boorman, 201Mflows can also intrude into the water column at
different heights depending on their water densitigsnk et al., 2016; MacIntyre et al., 2006;
Rueda and Maclintyre, 2008hd so can act as a source of oxygen to deep water. The impact
of rivers on hypolimnetic oxygen concentrations have previously been condidierdeep
lakes and reservoirs with cold plunging inflof@sdradéttir et al., 2012; Fink et al., 2016; Liu
et al., 2020; Marcé et al., 2018hd under ice when the whole water column is isolated from
atmospheric oxygen inputéalmer et al., 2021However, in smaller, shallower, temperate
systems the contribution of inflows to sherm deepwater oxygen dynamics has not been
well quantified. As described in Secti@m.2.1inflows may also be contributing to oxygen
dynamics in the hypolimnion due to their destabilising effect on the water column that

enhances downward vertical mixing of oxygen.

Sink terns are dominated by respiration procesdaglants, animals, and bacteria. Organic
matter produced in the epilimnion sinks into the hypolimnion, mineralisation of which
consumes oxyge(Bouffard et al., 2013; Mdiller et al., 2019herefore, higher productivity in

the epilimnion can increase DO depletion in the hypolimnion. Allochthonous inputs of organic
matter can also induce adkibnal depletion(de Eyto et al., 2016; Marcé et al., 2008) the
hypolimnion, further oxygen consumption comes from tigdease of reduced substances

from anoxic sedimen{Bouffard et al., 2013; Mdiller et al., 2012)

2.6.2 Long term trends in hypolimnetic anoxia

As described above (secti@m.2.]), the development of a thermocline restricts the resupply
of oxygen from le lake surface to replace that which is consumed through depleting
processes, such as water column respiration, the mineralization of organic matter, and the
release of reduced substances from anoxic sedim@auffard et al., 2013; Mdller et al.,
2012) In sufficently productive lakes hypolimnetic anoxia can develop due to the high rates
of oxygen depletior{Foley et al., 2012; Jane et al., 2021; North et al., 2004grefore the
length of the stratified period is a key driver of the duration and extent of hypolimnetic anoxia
(Crossman et al., 2018; Jane et al., 20€hanges to oxygen pietion have been related to
longterm increased stratification length and strengifoley et al., 2012; Jane et al., 2021;
North et al., 2014; Smucker et al., 2024 analysis dbngterm records in393 temperate
lakes showedwidespread decline in deewater oxygen concentrationsassociated with
longer thermal stratification. Average reductions of 0.42 mgihce 1980a loss of over 18%

of oxygen, were observed during the summer pefidane et al., 2021 Lake Zurictg large
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deep lake,earlier stratificationbetween 19722010 was associated with earlier development
of hypoxic conditiongNorth et al., 2014)and between 1989 and 2020 in 20 US reservoirs
hypoxia duration increased by two montfSmucker et al., 2021Modelling suggests further
increases in seasonal anoxia duration and extent as climate warming contirackgg et al.,
2021; Schwefel et al., 2016; Snortheim et al., 20&xPeditingthe onset of the anoxic period
(Missaghi et al., 2017)

As well as changes to the length of stratification in monomictic lakes, there has been evidence
of fewer complete mixing and fuléplenishment of oxygen of hypolimnion in some deep
lakes(Ito and Momii, 2015; Rogora et al., 2018; Schwefel et al., 2@8b8upt climate warming

since the late 1980s has been linked to thesad®n of complete mixing, and loAgrm
hypolimnetic anoxia (21 years) in a deep (max depth 233 m) lake in Jiapand Momii,

2015) In another deep lake, Lake Geneva, events with complete mixing of temperature and
oxygen in witer are projected todecrease by around 50% by 2100, reducing hypolimnetic
oxygen concentrations in wintgiSchwefel et al., 2016Recent trends towards decreasing
deepwater oxygen concentrations inL G f @ Q4 RSSLI FfLAYS €1 1Sa
complete mixing events, none occurring between 2@046 in two of the five lakes studied
(Rogora et al., 2018)In polymictic lakes, the developmentsifatification at increasing rates

and durations, has been shown to increase occurrence of hypoxia and oxygen depletion

(Cortés et al., 2021; Martinsen ak, 2019; Wilhelm and Adrian, 2008)

As well as stratification, other anthropogenic impacts may be contributing totkenmg trends

in deepwater anoxia. Some studies have suggested that eutrophication is also contributing to
reduced oxygen concentrations in some lakes, potentially acting synergistically with
stratification changegFoley et al., 2012; Jane et al., 2Q2lkcreased productivityni the
epilimnion is an important source of organic matter to the hypolimnion and mineralisation
contributes to greater DO depletidifoley et al., 2012However, modelling by Ladwag al.

(2021) suggested that the intemnual dynamics in primary production were not influential in
controlling duration of anoxia for Lake Mendo&eutrophic, stratifying lak&rowning trends,
caused by increased dissolved organic matter concentrations in a small oligotrophic lake, were
also related to increased oxygen depletion, reducing minimum summeeag@ncentrations

by more than 4 mgtover a 27 year perioKnoll et al., 2018)

Given the relationship between oxygen saturation and water temperatliaae et al., 2021,
Lee et al., 2018; Zhang et al., 20¥&puced concentrations may be expected in warmer lakes

However, trends suggest that in temperate lakes at least, hypolimnetic anoxia is not linked to
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reductions in solubilitfZhang et al., 2015s there has been little change in temperature (

0.01 °C decad#; Janeet al,, 2021)

2.6.3 High-frequency deepwater oxygen dynamics

Compared to the study of loAgrm trends in hypolimnetic oxygen concentrations, the short
term dynamics are not well studied. Hifflequency measurements of oxygen have maostly
been usedn studies of lake metabolisosingsurface measurementg.g.Staehret al,, 2010;
Zwart et al, 2017; Fernandez Castet al., 2021) There is growing evidence, from high
frequency data, that the relationship between physical lake processes, stratification and water
column stability, and hypihnetic oxygen dynamics operates over these shorter timescales.
Previous workhas investigated shotierm oxygendepletion during shorterm (days to
weeks)stratification in polymictic lake@Martinsen et al., 2019; Wilhelm and Adrian, 2008)
{ONF OAFAOFGAR2Y S@Syida RddNAYy3I adzYYSNI AYy (GKS LJ
of a few weeks were relatetd shortterm depletion of oxygen, with anoxic conditiofgs2mg

L-1), accounting for up to 25% of the lake volu(d¢ilnelm and Adrian, 2008)he shoriterm
dynamics of oxygen under ice have also received soteatain (e.g. Oberteggeet al., 2017,

Smitset al, 2021)

Theimpactof individual storm events has also shown perturbations to deeger dissolved
2E@3Sy NBfFGSR (G2 AYLI Ol(Huagygtall 20$4; JernihgS @ &l., G K S NJ
2012; Liu et al., 2020; Weinke and Biddanda, 2038)rms may influence shatéerm oxygen
dynamics due to increased wind speeds and increasé@ce coolingcausing reduced water
column stability(M. R. Andersen et al., 2020; Kimura et al., 2014; Woolway et al., .2018)
Changes to water column didity modify vertical mixing energy; under higher stability, the
rates of vertical mixing, crucial for determining hypolimnetic oxygen concentrations, are
reduced(Cornett and Rigler, 1987; Heinz et al., 1990; Papst et al., 188Bklham drn, UK,

a storm event that caused a sharp increase in turbulent wind energy flux and reduced surface
heating, coincided with a 65% decrease in water column stability and increase in the deep
water dissolved oxygen concentration, suggesting entrainmeonkgpfienated water from the
mixed layer(Jennings et al., 2012However, these xdreme events do not fully represent
typical conditionsand studies havemostly been in large, deep lakemd reservoirghat are

less globally numerous and may respond differetitign smaller lakes to external drivers

(wind, cooling, inflows).

Shortterm oxygen dynamics have implications for our understanding of the processes

affecting DO concentrations, but little is known about shetdrm dynamics and physical
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controls on hypolimnetic oxygen concentrations in seasonally stratifying lakes. This ig despit
the fact that these dynamics are likely to have implications for biogeochemical cycling and
habitat availability in lake$ncreasing deployment of sensors to collect Higgguency oxygen

data is expanding the opportunities to investigate these typedyofamics.

2.6.4 Importance ofdeep-water oxygen dynamics

Many aerobic species have oxygen requirements for growth, including fish, zooplankton, and
macroinvertebrate specig¥alff, 2002)Fish species vary in thegquirementyAlabaster and
Lloyd, 1982)with some more tolerant specieble to persist at lower concentrations-f2mg

LY, whereasmore sensitive species, such as salmonids, require high oxygen concentrations
(5-9 mg ). Given the oxygen requirements for aerobic species, the occurrence of widespread
anoxia in lakes can limit the habitat available to them as feeding grounds, for egg laying, and

as daytime refugia in zooplankton.

In addition to oxygen requirements, thermperature constraints of some species can further
limit their access to suitable habitat. Coldwater fish species such as trout, require cool
oxygenated waters. With warmer water temperatures and increasing extent of anoxia in lakes
under climate change,pgcies such as there are subject to what is termed dissolved
oxygentemperature squeezéCoutant, 1985) Aerobic speciebaving toinhabit shallower

parts of the water columnto find their oxygenrequirements, but finding subptimal
temperature conditions (Coutant, 1985; Matthews and Berg, 1997; Missaghi et al., 2017)
Longterm records of temperate lakes suggest that 68% of lakes were experiencing declining
habitat for these coldvater speciegJane et al., 2021and in one lake there was an increase

in lethal habitat for coldvater fish of 85%¢Missaghi et al., 20170ne such species, is the
vendace Coregonus albujawhich requires cool well oxygenated watérmodelling study by
Elliott & Bell (2011) showed that under future climate, the habitat availability in
Bassenthwaite Lake, UKould decline due to more tha@ °Cof lake warming and a 10%
reduction in oxygen concentration. Over a-@&ar period the nmber of years with > 20
consecutive days of no viable habitat was 8 times higher under future climatewithn

current climate.

Internal loading of nutrients from nutrierich bed sediments is another important
consequence of anoxic conditions in thepbiimnion. Seminal work biortimer (1942)
showed that oxygenated sediments retain phosphorus by fixation to iron while reduced
sediments release phosphorus by reduction of iron and subsequent dissolution of complexes

of iron and phosphorus. Anoxic conditions aaudlse reduction of iron compounds but also
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impact microbial metabolispfurther releasing P into the water colungBostrom et al., 1988)
Internal P supply often occurs in highly bioavailable forms as soluble reactive phosphorus

(Nurnberg, 1988)furtheringthe impact onlake systems.

Empirical evidence for the importance of oxygen concentrations for internal loading is
widespread(North et al., 2014; Radbourne et al., 2019; Spears et@0.7;2Tammeorg et al.,

2017) often indicated by peaks in SRP concentrations in the hypolimnion in late summer due
to the highhrmagnitude internal release of redesensitive sediment fMackay et al., 2014a;
Spears et al., 2007With increasingly stable and longer stratification, longer anoxic periods,
increased release of SRP from sediments would be expected. Evidence from Esthwaite Water,
showed that during years of high stability and longer stratificationternal loading
contributed 50% of the toal SRP load, compared to only 34% under less stable condititions

(Mackay et al., 2014a)

Despite the longstanding paradigm in limnology that dissolved oxygen concentrations in the
hypolimnion control the release of P from sedimerfidupfer and Lewandeski, 2008) and
evidence as shown above, it is likely that the controls on internal P loading are more complex
(Bostrém et al., 1988; Hupfer and Lewandowski, 2088pfer& Lewondowski (2008) argue

that this simplistic relationship between@and P is not always realistic, also presenting
limitations for the use of hypolimnetic aeration/oxygenation in some la{@&chter and
Wehrli, 1998; Tammeorg et al., 201 ther parameters including temperature, nitrate
concentration, and pH may also be similarly importéBbstrom et al., 1988; Jensen and
Andersen, 1992; Pettersson, 1998; Spears et al., 280Well as bacterimediated P release
(Hupfer and Lewandowski, 2008tqually, the ability for sediments to retain P requires
avalable binding materials, including iron or aluminiy@achter anca Nt € SNE HAnnoT

et al., 2005knd is not simply a consequence of low DO concentrations

2.7 Lake management

The value and importance of lakes and their ecosystem services is threatened by external
stressors. These stressors are primarily climateasive species introductigand pollution
relating to anthropogenic sourcesuch as nutrient enrichment and eutrophicatiofihese
stressors are acting in combination as well as isolation, often compounding the individual
impacts on lake system@®irk et al., 2020; Moss et al., 2011; Spears et al., 2@hf)ate
warming particularly,is compounding eutrophication impac{Birk et al., 2020; Spears et al.,

2021)and there is ever increasing need for adaptive management focusinglakemethods
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to accelerate improvement in water quality to meet legislative targets (such as the EU WFD
and US Clean Water Act) and maintain vital ecosystem services. Eutraphibag been
identified as the primary cause of lakes failing to meet regulatory water quality tafBets

et al., 2020) Caused by anthropogenic inputs of phosphorus (P) and nitrogen (N) from
catchment sources eutrophication results in excess phytoplat&n growth, a loss of
biodiversity, and low oxygen conditionEheeconomic cost opoor water quality islikely to

bein the billions per year, globallynthe UK aloneeutrophication impacts, in particular algal
blooms, were estimated to cost £173 million annually, with the potential to rise to £481 million
under a 4 °C warmer climate change scendlianes et al., 2020)Therefore, methods to
manage and restore lakegdraded by eutrophication have received significant research and

economic focus.

External nutrient load reductions are the primary measure to improviake conditions
(Larling and Mucci, 2020; Van Liere and Gulati, 1998)ever, lakes can be slow to recover
and problems can persist in lakes decadafter reductions(McCrackin et al., 2017pften
attributed to internal loading(Does et al., 1992; Sgndergaard et al., 2003; Van Liere and Gulati,
1992) The release of nutrients accumulated in bed sediments maistavater columm
nutrient concentrations. In stratifying lakes, internal loading principally occurs in the summer
period where the development of roxia in the hypolimnion overlying lakeed sediments
promotes redox conditions where He complexes are reduced and theiissblved
components liberated across diffusive concentration gradients to the watéumn (see
Section2.6.4). In order to speed up the recovery of lakes degradgdiriernal nutrient
loading, there iggrowingneed forin-lake measuregLiirling and Mucci, 2020; Zamparas and
Zacharias, 2014)

2.7.1 Methods to manage internal loading

A range of ilake measures have been proposed to control internal loadiigling et al.,
2020) Methodstarget hypolimnetic anoxia or sedimeft binding to decrease the intensity of
internal loading. Measures that target hypolimnetic anoxia include hypolimnetic aeration and
oxygenation(Preece et al., 2019; Toffolon et al., 201&tificial mixing(Visser et al., 2016)

and less frequently, hypolimnetic thdrawal (see Nurnberg, 2019)Of these hypolimnetic
aeration/oxygenation are the most common. Hypolimnetic aeration and oxygenation use
direct injectionof air/oxygen,via bubble plume diffuserand side-stream saturation(SSS),
where water is withdravn from the lake, injected with concentrated oxygen gas and returned
to the hypolimnion(Cooke et al., 2005; Preece et al., 201®roblems with these methods

include hypolimndat warming and destabilisation of the stratification and upwards mixing.
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Such mixing could result in the entrainment of nutrients from the hypolimnion to the
epilimnion, resulting in elevated nutrient concentrations in the photic zone and increased
nutrient availability(Gerling et al., 2014Hypolimnetic oxygenation deployed at Lake Serraia,
a small, shallow, peslpine lake caused hypolimnetic warming of up to 9 °C, associated with
enhanced rates of organic matter decomposition, increased water circulation, setlimen

remobilisation and increased turbidififoffolon et al., 2013)

The deployment of bubble plume mixers is restricted to deeper lakes (> 10 m), because using
this method in shallower water bodseis more likely to disrupt thermal stratificatig@ooke

et al.,, 2005; Preece et al., 2019Conversley, SSS is deployable in lakes with smaller
hypolimnion as more oxygen cam ladded with low water flow rate, thereby causing less
mixing (Gerling et al., 2014)Jsing pure oxygenation rather than aeration is likely to reduce
the number of devices needed, minimising turbulence, and using air also increases the chances
of high levels of nitrogn gas being present and potentially leading to gas bubble disease in
fish (Beutel and Horne, 1999A recent review of hypolimnetic oxygenation found that the
method was mostly successful, improving aerobic conditions for fish a zooplankton, and
reducing internal loadin¢Preece et al., 2019However, the direct impacts could not be fully
attributed to hypolimnetic oxygenation as it has been often applied in conjunction with other
restoration efforts (e.g. nutrient load reductions, chieal capping). However, the technology
remains expensiveincuring longterm operational and maintenance cos{Breece et al.,
2019) These methods require losigrm deployment to be effective, Preeed a. (2019)
reporting at least a decade of deployment throughout the stratified season is needed. Shorter
term deployment has quickly resulted in improvements being lost once discontifCeake

et al., 2005; Preece et al., 201%owever, a longerm (10 year) deployment in two Swiss
eutrophic lakes did not improve lake internal loading, as although the anoxia was reduced the

sedinment P retention capacity was insufficient to prevent loadi@gchter and Wehrli, 1998)

Further methods target sedimef® binding as a means to reduce internal loading, by
increasing the retention capacity of the sediméMackay et al., 2014b; Spears et al., 2016)
Termed geeengineering, these methods intervene with biogeochemical syéte control
internal loadirg (Lurling et al., 2016 Common Fsorbents include aluminiunKuster et al.,
2020) lanthanum modified bentonit¢lLang et al., 2016; Spears et al., 20H8)d calcium
(Mehner et al., 2008) Geeengineering methods have had mixed succ@dackay et al.,
2014b; Spears et al., 2014 review of he longevity of water quality improvements following
aluminiumadditions varied between no improvement and > 30 ygataser et al., 2016a)

Reduced longevity may be due to inscint control of external loads, insufficient dosing of
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sorbents and resuspension of material especially in smaller l&&égll et al., 2020; Huser et
al., 2016a; Kuster et al., 20200 Loch Flemmington, UK, reductionsigalblooms were not
sustaired past two years following lanthanum application due to sediment remobilisation and
high external P loadd.ang et al., 2016)he cost of application can also be prohibitive to
widespread application in the fieldlackay et al., 2014b)imiting their application to smaller
lakes(Abell et al., 2020However, Douglast al. (2016)suggest that in the context of whole
catchment solutions, -adsorptive treatments may be a lewost solution ifeffective but a
systems level codtenefit analysis is needed to fully understand whether methods should be
considered(Douglas et al., 20165ediment removal or dredging could also remove high
nutrient sediments to limit internal loading, but can be expensive and ecologically destructive
(Bormans et al., 2016; Cooke et al., 2005; Does.£1992)

Additional methods target the symptoms of the internal loading, specifically high algal
biomass. These include biomanipulation, flocculant additions and herbicide appli¢sgien
Cookeet al,, 2005; Abkll et al., 2020)

2.7.2 Use of WRT changes in management

Water residence time changes have been used in lake management as a means of diluting
nutrient concentrations ando promote direct flushing of phytoplankton cellkeé6n et al.,
2016; Lewtas et al., 2015; Londe et al., 2016; Uttormark and Hutchins,. I8&)jnagnitude

of direct flushing effects on algae is dependent on the growth rate of the species p(&aéft

2002; Lucas et al., 200and therefore differentially impacts certain specigxadisak et al.,
1999; Reynolds et al., 2012)nly where flushing ratesxceed growth rates (loss > growth)
will washout occufLucas et al., 2009; Reynolds et al., 201&3dition of low nutrient water

will also reduce the&oncentration of limiting nutrients via dilutio@d@rgensen, 2002; Lewtas

et al., 2015) This limits the potential growth of the phytoplankt¢dones and Elliott, 2007)

and the maximum algal biomag8ooke et al., 2005; Lewtas et al., 20IK)gether dilution

and flushing combine to improve water quality by reducing phytoplankton growth rate and
carrying capacity of the system and/or increasing loss (la¢evtas et al., 2015; Weh, 1981)

The use of dilution/flushing methods have had mixed success. Intermittent flushing of Moses
Lake, alongside external load reductions, reduced total P concentrdtmmsl 56> 31td 70-

90> 31 dnd chlorophyla concentrations from 45 mg! to 15 mg £, although problems

with internal nutrient loads persiste@Jones and Welch, 1990; Welch, 1981; Welch and
Patmont, 1980) In Lake Veluwd|ushing reduced internal loadingnd TP and chlorophwl
concentrations both reduced by more than 7%#osper and Meyer, 1986; Jagtman et al.,

1992) However, changes occurred alongside the application-gtfipping to waste water

58



Chapter 2 Background and context

effluent and flushing water wasdh in calcium, increasing binding capacity in the (dasper
and Meyer, 1986; Jagtman et al., 199%YRT changeb®ave also been used to disrupt
cyanobacteria blooms in impounded riveiBormans and Ford, 2002; Mitrovic et al., 2011,
2006; Webster et al., 2000y reducing water column stability anacreasing turbidity, which
act to control algal lWdoms (Mitrovic et al, 2011; Webster et al., 2000)RT manipulations
areyet to be usedroadly, especiallyto inhibit summer stratification and associated seasonal

anoxia and internal loading.

2.7.3 Optimising management

It is likely that due to variation in morphology, hgttsgy and eutrophication history, systems

will respond differently to restoration and management measures and therefore a study prior
to implementation would inform on the likely implications at the system I¢Veln Liere and
Gulati, 1992; Verspagen et alQ@6). Optimising the success of restorations is dependent on
thorough diagnosis and evaluation of the processes causing poor lake quality, prior to initiating
measuregCooke et al., 2005; Klapper, 2007; Lurling et al., 2016; Stroom and Kardinaal, 2016)
Preintervention analysis will aichisetting realistic goals and targets for restorat{@ooke et

al., 2005; Klapper, 2007nd help prevent the impleentation of costly inappropriate
methods(Cooke et al., 2005)f important factors are overlooked. These factors include the

relative importance of internal and external nutrient sour¢eérling et al., 2016)

While there has been some success using these existitgkén methods, restoration
outcomes have been inconsistefiduser et al., 2016band can incur high capital and running
costs(Mackay et al., 2014b; Visser et al., 20Mjith the pressure to achiewsater quality
targets, the threat of climate change, and the mixed success of existing measures, there is a

need for innovative methods to tackle internal loading.

2.8 Summary

This review has highlighted the importance of water residence time for chemical and
ecological processes in lake systems. However, less is currently known about the impact of
water residence time changes on lake thermal dynamics, also fundamental for lake
functioning. The review shows that water residence time impacts on lake thernuaiste

are needed to inform management and to understand lake responses to climate change
impacts more fullyWRT manipulation to control internal nutrient loading is a novel approach
that requires robust assessment of its efficacy. A systematic apptoaatmderstanding WRT
impact on lake thermal structure and a thorough assessment of a whole lake application will

help inform future management practice. Furthermoregspite acknowledging the other
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impacts of climate change on lake systems, few studiee kjaantified how water residence

time changes will impact lake thermal structure. These changes are likely to be especially
relevant for smaller, shostesidence time lakes that are understudied in the literature
generally but are globally abundaamd important. Finally, this review has highlighted thie
contribution of inflows to shorerm deepwater oxygen dynamics has not been well
quantified, especially in smaller, shallower, temperate systems. However, inflows have the
potential to be important inthese systems by destabilising stratification and enhancing
downward vertical mixing of oxygen or as a direct intrusion of oxygenated inflow to below the

thermocline.
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Chapter 3Methodology and site description

3.1 Studysite

3.1.1 Location and morphometry

Elterwater is asmall shallowlake situated in the English Lake District in the northwest of
England (54.428%N, 3.0350°W). The lakeeompriseghree distinct basins (inner, middle, and
outer) separated by narrow channels or bars, with a total length of 0.9 km. The loage is

the largest and deepest and the inner basin the smalleable3.1). The primary inflow to the
lake is the Great Langdale B4&d_B)flowing from the northwest into the outer basin, and
the Little Langdale Be¢kLB)which flows from the south into the middle basin. Historic maps
and evidence of paleochanisearound the lake suggest the original routingGfB was into

the middle basin. Similarly, LLB was also diverted into the outer basin, with more recent work
to restore the channel into the middle basin (see SecBdn5. These two inflows account for
approximately 98% of the total hydraulic logghvironment Agency, 200@maller ephemeral
tributaries and field drains dischargnto the inner basin, accounting for the other 2% of
inflow. Addiional flow into the inner basinomes from the pipeline diversion implemented in
2016 (see SectioB.1.5. The outflow of the system is the River Brathay, which flows out of
the outer basin to the southeasFigure3.1). The River Brathay ultimately discharges i@
north basin of Windermere, 4 km downstream. The complex basin and throughflow
configurations mean that the residence time varies significantly between the basins. Previous
work estimated water residence times in the outer baasthe shortest (0.6 dys) and the
middle and inner basirsshaving longer residence times, E5d26 daysrespectively(APEM,
2012) This thesis focuses orh¢ inner basin, having undergone restoration measures,
described in Sectio8.1.5 to improve the poowater quality.

Table3.1 Morphometric characteristics of the three basins of Elterwater
(from Goldsmith et al., 2003; Maberly et al., 2016)

Inner Middle  Outer
Surface area (kf) 0.03 0.07 0.08
Mean depth 2.3 2.3 2.5
Maximum depth 6.5 6 7.5
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Figure3.1 Map of Elterwater with its major inflow and outflows labelled. Approximate location
of the flow diversion, implemented in 2016, is shown with a dashed line.

3.1.2 Catchment landuse

Elterwater is sitated in the upper part of the larger catchment of Windermere, in the Langdale
grttsSed LG F2N¥a LINIG 2F GKS wWAGSNI . NI 0KFe&Qa
the lake to the northwest and wesdtas an area d1.3 knt, a mean elevation of 3m (a.o.d)

and a slope ofLl7° (UK Lakes Portal, 2020)he landcover is predominantly acid grassland
(41.4%), broadleaved woodland (13.5%), and rough grassland (10.7%). Grassland for grazing
(improved grassland) makes up 7.5% loé tatchment. Further areas of montane (7.7%),
coniferous woodland (4.2%) heather and heather grassland (4.2% and 4.1%) are also found in
the catchment(Morton et al., 2011) The immediate surroundings of the lake arezgd
pasture, bog, and wet woodland. The catchment includes the small upland tarns of Blea Tarn,
Little Langdale Tarn and Stickle Tarhere are severamall settlementsvithin catchment

including Elterwater village (800 m tioe north), through which he GLBflows.
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3.1.3 Climate

The northwest of England and the Cumbrian Lake District specifically has a wet but mild
climate Figure3.2), experiencing orographic rainfall by moistureh atmosphere driven in
from the Atlantic to the west. Data from the nearlNewton Riggweather station from 180

¢ 2021 shows that the regh experiences high annual rainfall, averaging 954 mm per year,
highest in autumn and winter (> 100 mm of rainfall on average in December), and lowest in
spring and summer (< 50 mm of rainfall in April). In sumnmeean daily maximum
temperaturesis 18.5 T and sunshine hours peak at > 180 per month in June. The temperate
climate experienced at Elterwater is mild, with average minimum temperatures above 0 °C
and therefore icecover is infrequentwith Elterwater inner basin generally stratifying from
Aprilto October Figure3.3). The lake is sheltered by the high elevation and tree cover in the

immediate proximity.
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Figure3.2 Average climate at Newton Rigg meteorological statiBoints show mean values
and error bars are + 1 standard deviatioh climate variable measured. N represents the
number of monthly measurements from the period 1§&@021. Sunshine duration datéere
collected from 196Q 1981 only.
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Figure3.3 Daily average water temperatures measured in the inner basin of Elterwater from
May 2015 to December 2020.

3.1.4 Water quality and nutrient loads

The waterquality of Elterwater varies considerably between basins, from oligotrophic in the
outer basinto mesotrophic in the middle basin and eutrophic in the inner basin, thought to be
driven by the difference in water residence tim@PEM, 2012; Environment Agency, 2000)
The lake has been affected historically by nutrient enrichment due to the dischangeafro
nearby wastewater treatment works (WwTW) into the inner basin from 1973 until 1999
(ZingerGiz et al., 1999) Other likely sources of nutrient inputs are livestophrticularly
sheep that graze in the immediate fields, agricultural-aff) sewage discharges from septic
tanks, erosion and natural leaching from the soil, and atmospheric nitraged by nitrogen
fixing phytoplankton. The inner basin is the most nutrientiched, with total phosphorus and
chlorophyll a concentrations regularly exceeding eutrophic thresholdsgyre 3.4).
Historically, both the inner and middle basins were dominated by macrophytes in a clear
water state, but switched to a turbid water state dominated by algal biomass, with
management intervention likely required to force a chgarback to a clear water sta(APEM,
2012)
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(inner, middle and outer) for the period 202219. Dashed lines show the mean (chlorophyll
and TP) and maximum (chlorophyll only) concdiurs for eutrophic class (OECD).

Data available on the K Lakes Portdat https://eip.ceh.ac.uk/apps/lakes/detail.html#wbid
=29222) which uses Environment Agency water quality data from the Water Quality Archive
(Beta) published under an Open Governnigognce.

The lake sits within the Elterwater Site of Special Scientific Interest (SSSI), designated due to
the examples of lakeshore wetlands and transitional habitat as well as the occurrence of
wetland and standing water floral species. All seven uaftthe SSSI are designated as
unfavourable (last surveyed 2016), with 58% of the site assessed to be in declining condition.
Poor water clarity, high algal cover, and fine sediment are cited as reasons for poor condition

and restricted development of margal macrophyte beds.

3.1.5 Management history

In an attempt to improve water quality following lostgrm nutrient enrichment, rerouting of

the effluent discharge occurred in 1999, discharging into the River Brathay downstream of
Elterwater. Prior to this rerouting, WwTW discharge was estimated toustdor 4560% of

inflow into the inner basir{Stockdale, 1991; Zing&ize et al., 1999)
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The legacy of past ddient input into the inner basin is present in the accumulation of nutrients

in the lake sediments, which provides an internal source of nutrients. Sediment TP
concentrations in the deep parts of the inner basin exceed 4%0@*, suggesting there is a
high potential for internal loading of nutrients from the sedimeriddackay et al., 2020)
Evidence of deoxygenation below 4 m in the inner basin during the summer stratified period
(Beattie et al., 1996; Zing&ize et al., 199%as been observed regularly and coupled with
high nutrient concentrations in lakeediments it is supposed that internal loading is likely

driving continued poor water qualitfAPEM, 2012).

A report commissioned in 2012, suggesthédt, given the likely dominance of internal loads
during thesummer stratified periodreconfiguration ofinflows to reduce the water residence
time of the inner basimpresents a means of restoring the |af®PEM, 2012)A pipeline was
constructed, diverting part of the GLB flow into the inner basin, the purpose of which was to
impede thermal stratification in the summer, to inhibit the development of hypolimnetic
anoxia and internatutrient loading. Alongside thikittle Langdale Beck was alsercaited to

its original channel into the middle basin.

In January 2016, the pipeline was installed running from @&eBinto a field drain that
discharges into the inner basifigure3.1 and Figure3.5) and continues to operate (as of
September 2021). The offtalgtructure of the pipeline contains a hydtlwake systemThe

system restricts transfers through the pipe when flow in GLB drops below Q85 (flow
percentile) and limits the maximum offtake to 0.122 gt based on Environment Agency
abstraction limits. Theischarge of this transfer is monitored by the South Cumbrian Rivers
Trust (SCRT) using a pressure transducer housed in the offtake structure. These data were
obtained for the pipeline from July 2017 to December 2019. Prior to these measurements, the
flow through the pipeline was estimated based on Q85 values, abstraction limits, and the
relationship developed between GLB floveasurementsand pipeline discharge (see Section

3.3.3.

66



Chapter 3Methodology and site description

Figure3.5 Photographs of the offake structure (left) on the Great Langdale Beck and the
discharge of the pipeline into a field drain which discharges into Elterwatarbas@ (right).

3.2 Field monitoring z primary data
Data were collected in the inner basin, as the primary focus of this thesis, at the deepest point,

using higkfrequency and traditional lake sampling methods.

3.2.1 High-resolution monitoring

Highfrequency temgrature and dissolved oxygen profiles were collected at Elterwater, using
aSyaz2zNhB RSLX 2SR 2y | o0dz2eéexX Y22NBR i GKS
temperature sensors recordetie watertemperature every 4 minutes, at 0.5, 1, 2, 3, 4, 5, and

6 mfrom May 2015Dec 2019. These sensors are accurate to £ 0.002 °C. Hourly averaged data
were quality checked and sensor errovere identified. Errors and gaps in the data occurred

due to sensor error and sensor maintenan@aps in temperature profiles eve generally

small (<1 dayand accounted for 1.66 of data andwere resolved with linear interpolation.

Hourly averaged profiles were ustxicalibrate and validatéhe hydrodynamic model, GOTM,

used in experimental scenarios in Chapters 4, 5 and &elTHata were also used in Chapter

6, to look at shorterm changes in water column stability.

PME miniDOT oxygen sensors (Precision Measurement Engineering, Vista, California, USA)
recorded dissolved oxygeroncentrations via a fluorescence method, evet$ minutes at 1
m, 3 m, 5m, and 6 m. The sensors are accurate to 0.3'mgdfitted with antifouling wipers

to reduce the growth of biofilms on the optical sensor. Sensors were deployed in May 2018
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