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2 Wentzky, Frassl, Rinke, Boehrer

Abstract

Dissolved oxygen is a key player in water qualByatified water bodies show distinct
vertical patterns of oxygen concentration, which caiginate from physical, chemical or
biological processes. We observed a pronouncedlimattic oxygen minimum in the
low-nutrient Rappbode Reservoir, Germany. Conttarthe situation in the hypolimnion,
measurements of lateral gradients excluded themsedi contact zone from the major
sources of oxygen depletion for the metalimnetigg@n minimum. Instead, the minimum
was the result of locally enhanced oxygen conswnpgh the open water body. A follow-
up monitoring included multiple chlorophyll a fllescence sensors with high temporal and
vertical resolution to detect and document the wimh of phytoplankton. While
chlorophyll fluorescence sensors with multiple aela detected a mass development of
the phycoerythrin-rich cyanobacteriuRlanktothrix rubescensn the metalimnion, this
species was overseen by the commonly used singleaeth chlorophyll sensor. The survey
indicated that the wanin®. rubescendluorescence was responsible for the oxygen
minimum in the metalimnion. We hypothesize thatagel processes, i.e., either oxygen
use through decomposition of dead organic materginating fromP. rubescen®r P.
rubescensextending its respiration beyond its photosynthedictivity, induced the
metalimnetic oxygen minimum. The deeper understandif the oxygen dynamics is

mandatory for optimizing reservoir management.
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1. Introduction

Dissolved oxygen is a key variable for nearly aljamisms in the aquatic environment.
Especially in stratified lakes, vertical transpoftdissolved substances is limited, which
can result in sharp vertical gradients of oxygencemtration. Usually in direct contact
with the atmosphere, the epilimnion shows a gasspire that is close to equilibrium with
the atmosphere, while the hypolimnion has trappéthisged amount of oxygen, which is

subjected to depletion over the summer months thilthermal stratification breaks and
deep recirculation recharges the hypolimnion widygen (e.g., Boehrer and Schultze,

2008).

In many cases, however, a more complex picture bsewed. Especially in the

thermocline, where high density gradients resttic# vertical exchange, gradients of
dissolved substances are formed and sustained ausnall vertical transport. Both

metalimnetic oxygen maxima and metalimnetic oxygenima can be found. Though both
features are commonly encountered, oxygen maxime been dealt with in more detail in
the literature (e.g., Wilkinson et al.,, 2015). Henee concentrate on the case of
metalimnetic oxygen minima, which often get atttéduli to eutrophic lakes (e.g., Lake
Arendsee: Boehrer and Schultze, 2008; in genemlatg Wetzel, 2001) or reservoirs
(Zzhang et al 2015); however, also lakes of lowepliic state can show metalimnetic

oxygen minima (e.g., Joehnk and Umlauf, 2001).

Metalimnetic maxima can appear as an artefact wheggped water warms and hence
saturation levels increase due to lower solubiityoxygen at higher temperatures (e.qg.,
Wilkinson et al., 2015). Alternatively, oxygen mma can originate from oxygen

production by photosynthesising phytoplankton (Barkt al., 1991; Stefan et al., 1995),
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which form a deep chlorophyll maximum in the metalion. Deep chlorophyll maxima
can be observed in many lakes (Leach et al., 2Qh7¢ontrast to metalimnetic oxygen
maxima, metalimnetic oxygen minima cannot be thesequence of diffusive heating
from the surface and hence must result from oxydggietion. When a minimum forms,
the shape of the oxygen profile depends on bo#n:ottygen depletion at the respective

depth as well as vertical transport from the laydrsve and below (Kreling et al., 2017).

Both, oxygen depletion in the open water and atséagiment surface can be responsible
for the formation of a metalimnetic oxygen minimuktodelling approaches include one
oxygen depletion rate in the water column and cadaesfor the oxygen depletion rate per
sediment surface (e.g., Livingstone and Imbode@61Weber et al., 2017). Often oxygen
consumption by the sediment is considered as tadirlg part. In addition, advective
processes like inflows with high oxygen demand Hasen claimed to be important: flood
waters with easily degradable organic materialrofied their way into the metalimnion of
a stratified water body (as shown by Nix, 1981; DeGReservoir, Arkansas USA). As
oxygen depletion in a lake is usually attributedhe sediment contact zone, it has been
reasoned that the oxygen minimum can be an effeadxggen depletion at the side
boundaries, which is advected into the main bodythef lake on isopycnal (constant
density) surfaces. The corresponding lake morphgmety be supportive of different
depletion rates (Shapiro, 1960; Wetzel, 2001) duegariable ratios of sediment area to

layer volume with depth and varying temperatures wepth.

Despite its low trophic status, a reoccurring metaktic oxygen minimum was observed
in the Rappbode Reservoir (see Fig. 7). Hence vemngld an investigation of the
metalimnetic oxygen minimum, to find clues aboutssible reasons. Understanding

oxygen depletion is essential for a proper managenoé reservoirs. Low oxygen
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conditions interfere with water quality and canréiey largely increase costs of drinking
water treatment. Too low oxygen concentrationsadse risky for biota within the lake
depending on a sufficient oxygen supply, like f{§ice, 2013). The Rappbode Reservoir
harbours a managed stock of lake trdsalfno trutta f. lacustrjs which are sensitive to

100 low oxygen levels and, therefore, concentrationevbd mg L' should be avoided.

To shed light on the causes of the metalimneticgeryminimum in the Rappbode
Reservoir, we organised our investigation in thdiséinct steps, over two years:
(1) The horizontal and vertical variability of the o)grgminimum was studied on one
105 single day in September 2015 to determine theilmtatf the most intense oxygen
depletion (possibly the sediment surface?).
(2) The temporal and spatial evolution of the oxygem2@16 was documented by
measurements of multiparameter profiles of higlltegsn.
(3) The ecological evolution was studied by multichdrfheorescence profiles with
110 fine vertical resolution and water samples for tdemtion of organisms with

microscopy.
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2. Fidd Site, M easurements and M ethods

The Rappbode Reservoir is located in the Harz Maost in Northern Germany
(coordinates 51°44’'N 10°54’E) and is the largestldng water reservoir in Germany (in
terms of volume), providing water to about 1 mitlipeople. The catchment is covered by
forest and farmland (Friese et al., 2014). The dw®s been constructed in the 1950s
forming a lake of a complex shape with an 8 km lomgn channel towards south-west
and two side arms facing north and south (Fig\Water enters via three pre-dams, which
have been built for the purpose of sediment andemitretention (Rinke et al., 2013). The
reservoir has a maximum depth of 89 m and a mepthdd 28.6 m. As typical for deep
temperate water bodies, the Rappbode Reservoir letghp mixes in late autumn and
spring. It always stratifies in summer, but onlgasionally in winter during the last years,
due to the lack of ice cover. Since 1991, phosphoancentrations have been low enough
to expect a mesotrophic to oligotrophic waterbody (average 0.014 mg™Ltotal
phosphorus during the last 10 years, Wentzky et28[18). More information about the
major ion composition and physicochemical propsriERappbode water can be found in
Moreira et al. (2016). Details about dissolved aigacarbon composition are given in

Tittel et al. (2015) and Morling et al. (2017).

Taking advantage of the morphometric complexitytloé reservoir, we measured two
transects: longitudinally (L16-L1 in Fig. 1), folleng the thalweg as closely as possible
from the dam wall to the beginning of the backwaterd laterally from one side arm
across the main channel towards the steep opmdaevall (T1-T7 in Fig. 1). We used a
multiparameter probe (CTD90M Sea and Sun Technologgppenkamp, Germany, serial
number: 644) with sensors for chlorophyll a flu@esce (Cyclops 7, model number:

2100-000, excitation wavelength 460 nm), tempeea(®?T100), electrical conductivity,
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pressure (for depth) and dissolved oxygen (opseakor, Rinko IIl) with a response time
of about 2 s. The speci€¢danktothrix rubescenss almost invisible for the Cyclops 7
sensor with blue excitation, since the fluoresceyietd of P. rubescengor this sensor’s

excitation wavelength (460 nm) is very low. Thes@as for this low fluorescence vyield is
low chlorophyll a content in photosystem Il and tlhek of alternative pigments that
absorb light at the applied short wavelengths. westigation was conducted in late
summer (18 September 2015) when the metalimnetic oxygen mininmad enough time

to develop, but clearly before any large-scaleiogadriven recirculation set in.

We further made use of a regular monitoring prognamin which multiparameter probe
profiles (as in Fig. 2) were measured at fortniglmitervals during the entire year 2016
(from 19" January 2016 to i9December 2016). The multiparameter probe mentioned
above was used. Additionally, a multi-channel fesmence probe (FluoroProbe, bbe
moldaenke GmbH, Germany, serial number: 2101) veasl to detect phytoplankton and
to characterise the algal community. The FluoroBnmieasured fluorescence emitted from
chlorophyll a in the PS Il (at wavelength 685 nmjich was triggered through the
excitation at different wavelengths (370, 470, 5250, 590 and 610 nm). The signal at
370 nm excitation wavelength was used to corracthfe fluorescence of dissolved organic
matter. The other wavelengths referred to differemtessory pigments present in
phytoplankton, which allowed discrimination intaufoalgal groups: (1) Green algae (rich
in chlorophyll a/b), (2) diatoms/dinoflagellate®taining xanthophyll and chlorophyll c),
(3) phycocyanin-rich cyanobacteria and (4) phyctheny-rich cyanobacteria and
cryptophytes (for more information on the measumpeinciple we refer to Beutler et al.,
2002a and 2002b). We used the probe measuremadts@re precisely the signal of the
red group (cryptophytes and phycoerythrin-rich ©fzacteria, excitation wavelength 570

nm), for assessing the vertical distribution of thleycoerythrin-rich cyanobacterium
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Planktothrix rubescensn the water column (for more information on ocemce of
175 cyanobacteria in general see Carey et al., 2012spedifically for stratified lakes see

Cuypers et al., 2011).

To get a clearer picture of the short-term dynamacsl spatio-temporal distribution
patterns, in the following year (2016), we instdllan automatic profiler system (for
180 location of profiler see Fig. 1) with a multiparaereprobe (YSI 6820 V2-2 O) including
sensors for dissolved oxygen (YSI 6150), tempeea{tiSI 6560), and two sensors for
chlorophyll fluorescence: one sensor measuringroplyyll a fluorescence directly (YSI
6025, excitation wavelength 470 nm) and one meaguchlorophyll fluorescence via
exciting phycocyanin (YSI 6131, excitation waveldrsy 565-605 nm). Besides
185 phycoerythrin,P. rubescenslso contains phycocyanin and hence could alsdetbected
by the phycocyanin sensor. The profiler coveredugyger 26 m of the water column with
depth-intervals of 0.25 m between 0-20 m and 0.9rom 20-26 m. Profiles were
measured at intervals of three hours. Operatiommen 4' August 2016 and ran untif"9
November 2016.
190
For microscopic species determination, phytoplamksamples were preserved with
Lugol’s solution, concentrated using the sediménrtaechnique developed by Utermohl
(1958) and counted under an inverted light micrpscdvost phytoplankton taxa were
counted as cells. An exception was filamentous ggiginkton, such a®. rubescens
195 which was counted by measuring the filament lenBibvolumes for each species were
derived from average cell dimension measuremend simple geometric shapes
(Hillebrand et al, 1999). Phytoplankton biovolumasaconverted to biomass assuming a

specific density of 1.0.
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200 To assess the long-term development of oxygen @ Rlappbode Reservoir, weekly
oxygen profiles were taken between 2009 and 2018ygéh concentrations and
temperatures were measured with the DS5 multipaeanmobe from Hydrolab. (An
overview about all probes and sensors used irsthdy, including information about their
characteristics, can be found in Table Al in thegpsuting information.)

205
As a stability quantity of stratification, the sgeduoyancy frequency fiNwas calculated

from CTD90OM profiles, using the formula

where density was calculated using a specific formula for theptode Reservoir from
Moreira et al. (2016), g was the earth accelera{@81 m/s?) and z was the vertical
210 coordinate. In discrete steps,

g pE+a)—pz-a

2 _ _
N =" cro-Gc-o

_ 9 pz+a)—piz-a)
 p(2) 2a

where a~1m was the vertical resolution of the dat@mn. For other quantities on stability

see Macintyre et al. (2009), Boehrer and SchuRB@9) and Read et al. (2011).

Chlorophyll a fluorescence values obtained by thef®Probe and the multi-parameter
215 CTD90M probe were supplied as pd bf chlorophyll by the manufacturer. However,
before using the chlorophyll a fluorescence datantjtatively, they were compared with
high pressure liquid chromatography (HPLC) measergmto evaluate the accuracy of
the probe measurements. Samples for HPLC analysis vaken biweekly at the same
sampling dates as the vertical probe profiles. Sasnwere collected at discrete depths (0,

220 2.5, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70 m) usingpen cylinder water sampler (4.2 L
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standard water sampler from Limnos). The total neind water samples used for analysis
was 229. For chlorophyll a quantification, 1.5 Lsaimple water was filtered using glass
fibre filters and extracted with 5 mL ethanol aneveral freezing/thawing cycles.
Subsequently 20 puL of extract was measured by HEbCdetails on method see Van
Pinxteren, 2017). For comparison, the probe datee vaggregated to the same discrete
depth levels as the HPLC samples. To test forioglships between chlorophyll a data
obtained by fluorescence sensors (CTD90OM and FRrofze) and data from HPLC
measurements, linear regression analysis was petbrThe coefficients of determination
(R? described the relationship between both variahles indicated the goodness of fit
(R?=0: no relationship; &1: perfect relationship), while the p-values fbe tcoefficients

quantified the statistical significance of thisatenship.

For a quantitative estimate of possible oxygen etepi through the deep chlorophyll
maximum, we converted the maximum observed chlofbgh concentration from the
FluoroProbe into carbon, using a speciianktothrixC:Chl-a conversion factor of 90 mg
C/mg Chl-a (Copetti, 2006). Secondly, we calculdtexiconcentration of possible oxygen
depletion by assuming 1 mol C (12 g C) of carbamtass requires 1 mol,@32 g Q) for

oxidation.
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240 3. Results

3.1 Local extension of the metalimnetic oxygen minimum
To localize places of particularly high oxygen djmn, we firstly investigated the
horizontal and vertical distribution of the metatietic oxygen minimum throughout the
245 Rappbode Reservoir. During our campaign in Septerab&5, the Rappbode Reservoir
showed vertical gradients typical for temperatatsgted water bodies (Fig. 2). Below the
10 m thick epilimnion, a density gradient stabitizéhe water column limiting vertical
exchange between the epilimnion and deeper layées.reservoir showed relatively low
conductivity, neutral pH, a chlorophyll a maximum the epilimnion and a pronounced

250 metalimnetic oxygen minimum.

Surface waters showed oxygen concentrations clasethé equilibrium with the
atmosphere. On the transversal transect (Fig. tBa),oxygen curve below 10 m was
similar for all profiles. Differences between ptef occurred at deep sites at depths below
255 20 m. In the longitudinal transect, vertical oxygeofiles varied between different stations
(Fig. 3b). The upper edge of the gradient varieclbgut four meters over the entire length
of the reservoir, which could be attributed to fi@ind internal waves due to wind stress
along the lake (see Bocaniov et al., 2014). Allfimse captured a metalimnetic oxygen
minimum at depths between 11 and 13 m, oxygen degtlabout 55% saturation and
260 documented higher oxygen concentrations in the degpr. Only at station T1, the water
depth was too shallow to show the complete stractbience the metalimnetic oxygen
minimum can be verified throughout the water botltha depth of the maximum density

gradient (see Figs. 2c and d).

265
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Below the metalimnetic oxygen minimum, i.e. below & 30 m depth, we found
differences of oxygen concentration between prefighallower water depths (see shorter
profiles) corresponded with lower concentration®©xygen in the hypolimnion. This fact
was indicative of higher oxygen depletion due toigher sediment area to water volume
ratio at the shallow sites, i.e. oxygen depletioported from the side walls (see e.g.,
Muller et al., 2012, Dadi et al., 2016). This obsdion agreed with the approach taken in
numerical models, which implement oxygen uptakibatsediment surface as an important
contribution for oxygen depletion. Horizontal migim the waterbody was obviously not
sufficient to remove these oxygen gradients witthm@ hypolimnion. The observation of
lower oxygen saturation at stations with a higlegtiment influence was visible in both the

longitudinal and the lateral transect (Fig. 3).

The depth and extent of the metalimnetic oxygenimum was identical in all profiles of

the lateral transect and also nearly identicahalongitudinal transect from the dam wall
(L16) up to at least station L8. Further abovenglthe thalweg towards the inflow, the
water was very shallow and differences betweemptbiles became visible. In conclusion,
there was no indication that oxygen depletion iae thetalimnion would vary between

locations throughout most of the water body anchaonzontal gradients were observable
as seen in the hypolimnetic oxygen levels. Herfee prevailing oxygen depleting process
in the metalimnion was the same along the horizcatas of the water body. As the
sediment contact area in the side arm was largar ith the main channel or at the rock
wall, the leading process for oxygen uptake couwdt significantly be connected to the
sediment. In conclusion, the measurements indicdted the metalimnetic oxygen

minimum in the Rappbode Reservoir was the conseguehpelagic processes.
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3.2 Temporal evolution of the metalimnetic oxygen minimum
The results of the transect measurements cleadwesth that no horizontal gradient was
visible in the metalimnetic oxygen minimum. Accordiy, measurements at one single

pelagic site were sufficient to investigate the ppenal evolution.

Temperature stratification in 2016 was typical hoe location (Wentzky et al., 2018). The
summer stagnation period started in April after dayhe year (DOY) 100 (see contour
lines Figs. 4a-c) and lasted until December. Dursugnmer, the major temperature
gradient was located at around 10 m depth, whickpeleed slightly over time.
Phytoplankton (chlorophyll fluorescence, Figs. 4ad ab) increased after thermal
stratification had started. Later in summer, argjrphytoplankton peak occurred in the
metalimnion, as indicated by the chlorophyll fluszence measured by the multi-channel
FluoroProbe (Fig. 4b). This deep phytoplankton peak not visible in the chlorophyll a
profile measured by the Cyclops 7 sensor of the @JND probe, which used only one
single excitation wavelength and cannot detect pégghrin-rich cyanobacteria like

Planktothrix(Fig. 4a).

Specific in situ fluorescence measurements of the “red channelthef FluoroProbe
(representing phycoerythrin-rich cyanobacteria awmdyptophytes) indicated the
development of the phycoerythrin-rich cyanobactarid. rubescensn the metalimnion
(Fig. 4c). This fluorescence signal was preseninfidOY 200 (18 July) to DOY 230
(17" August) and faded out over further 40 days (UDGY 270). Likewise, phycocyanin
fluorescence was recorded at the thermocline capdhhardly ever at other depths or other
times (Fig. 5¢). Microscopic inspection of the piptankton confirmed the occurrence and
dominance ofP. rubescensat the respective depths (Fig. A1 supporting im@iion). In

addition, the cyanobacterfascillatoria limneticaand Limnothrix redekeiwhich contain
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phycocyanin but not phycoerythrin, were observedhim metalimnion, but at very low
abundances. In conclusion, the signal of the “rednoel” of the FluoroProbe and the
phycocyanin fluorescence measured by the autonpatiiler system could mainly be

attributed tdP. rubescens

Oxygen concentrations were high during deep relaticun in winter and early spring due
to cold temperatures and mixis of re-oxygenatecewliom the surface (Fig. 4d). In the
epilimnion, oxygen concentrations during summeipgea due to higher temperatures and
hence lower solubility. In the hypolimnion, oxygems confined and subject to gradual
depletion. As in the previous year, a clear minimappeared at the thermocline after DOY
230 (17" August) and ended when the recirculation incluttesl oxygen depleted layers
into the surface mixed layer. Minimal oxygen levielthe metalimnion reached down to 4
mg L* around DOY 270 (2B September). Towards the end of the stratificapieriod,
low oxygen concentrations were found at the lakeé betil the deep recirculation also
removed this minimum. In some summer profiles, Wweesved small distinct local oxygen
maxima of up to 0.5 m thickness at the upper edgbeometalimnion, directly above the
oxygen minimum (Fig. A2 supporting information). &de peaks were an indicator for
oxygen production by photosynthetic organisms. uine small extent of the peaks, they

were not visible in the contour plots.

The formation of the metalimnetic oxygen minimuninoaded with the breakdown of the
metalimneticP. rubescengopulation (Fig. 4d and Fig. Al in supporting imf@tion).
Moreover, the layer thickness of the oxygen minimresembled the thickness of the

Planktothrixlayer before and looked like the continuationra previous feature.
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The high-resolution data from the automatic profié®nfirmed the upper edge of the
metalimnetic oxygen minimum as the lower bounddrthe epilimnion (Figs. 5a and d).
345 The oxygen minimum was clearly terminated by thadgal inclusion of the oxygen
depleted layer into the epilimnion. The high retolu data also revealed additional
features, such as elevated chlorophyll a fluoreszeat the time and depth where

phycocyanin occurred (Figs. 5b and c).

350 The disappearance of phycocyanin (mainly represgiii rubescenscoincided with the
strong oxygen depletion, which stopped at a saturével of about 40% (or 4 mg,@™)
(Figs. 5¢ and d). Since the stratification persidta longer, oxygen concentrations could
have dropped further, if oxygen depletion had camd. A downward track of
phycocyanin indicated that layers were drawn dowa t shrinking hypolimnetic volume

355 as a consequence of withdrawal through the bottotieto Notably, the oxygen minimum

followed this downward trend.

3.3. Comparison of chlorophyll a quantification methods based on fluorescence with
HPLC

360 Chlorophyll a values obtained by the CTD90M probed aluoroProbe during the
monitoring in 2016 were in good agreement with HPir@asurements from discrete
sampling (Fig. 6). The fit of the correlation wihPLC was higher for the FluoroProbe
(R’=0.78, p<0.001) than for the CTD90M %R®.63, p<0.001). The FluoroProbe and the
CTD90M probe were also significantly correlated<®62, p<0.001). As a result of the

365 good correlation between chlorophyll a fluorescewntethe probes and chlorophyll a
concentrations measured by HPLC, the values ofFtheroProbe were later used for a

quantitative estimate on phytoplankton carbon b&sna
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3.4 Calculation of potential oxygen depletion from available phytoplankton carbon

biomass

Our calculations showed that 3.1 mgIO" oxygen could be depleted from the available
phytoplankton carbon biomass in the metalimnion722g chl-a L* or respectively 1.15
mg C LY. In 2016, we observed an oxygen depletion of alfoung Q L™ in the
Rappbode Reservoir (Fig. 4a). Since the calculated the observed oxygen depletion
were in a similar range, tlilanktothrixbiomass in the metalimnion could be connected to

the metalimnetic oxygen minimum formation.

4. Discussion

A pronounced metalimnetic oxygen minimum, whichctead down to only 40% saturation
level, was documented in the meso- to oligotropitappbode Reservoir. The
distinctiveness of the metalimnetic minimum wagpsising, given the low trophic state of
the reservoir and the low phytoplankton abundafte oxygen depleted water volume
showed a sharp upper edge to the epilimnion anehdrtl about 5 m into the stratified
waterbody below. The oxygen minimum endured frora thiddle of August, when a
population ofP. rubescenglisappeared at the same depth, to the end of &ctalnen

deep recirculation removed the metalimnion by isidn into the epilimnion.

The small horizontal variability observed in Sepbem2015 (Fig. 3) indicated that the
forming process was not significantly connectedsie wall effects, such as oxygen
depletion at the sediment surface, inflows or siddl mixing providing water that could
have intruded the metalimnion. The oxygen depletiaa to be mainly attributed to
depletion in the open water body. Hence the furtihgestigation focused on finding

reasons for oxygen depletion in the pelagial.
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There was evidence for a connection of the metatmnoxygen minimum to the
phycocyanin fluorescence maximum measured by tharatic profiler (as well as to the
signal of the “red channel” of the FluoroProbe) aihdis organisms related to this
fluorescence (Figs. 4d and 5c-d): firstly the oxygeinimum formed in the same water
layers, secondly the oxygen depletion started withdisappearance of the phycocyanin
(and the signal of the “red channel” of the Fluaa#® respectively) and thirdly the
depletion stopped at 40% of oxygen saturation. Hethere seemed to be a limited
reservoir of oxygen demand. Phycocyanin fluoreseemra the signal detected by the “red
channel” of the FluoroProbe could be related . aubescensnass development, which
was microscopically confirmed in the Rappbode Rasemat the respective depths. Most
likely, the oxygen depletion was related to thediginuation of photosynthetic activity of

the Planktothrixpopulation.

A metalimneticP. rubescensnaximum has also been observed in other lakessfWa
Schanz, 2002; Cuypers, 201P. rubescengopulations commonly form at this depth,
since gas vesicles allow regulating their positigithin the depth of optimal growth
conditions (Walsby et al., 2004). Their prefererfioe the metalimnion is due to
physiological traits that differ from those of oth@doom forming species?. rubescens
favours low temperatures (Dokulil & Teubner, 20®lland & Walsby, 2008) and is
adapted to low light conditions (Walsby & Schan@02; Walsby & Juttner, 2006). Its
ability to use organic compounds as a carbon souncker extremely low irradiances
(photoheterotrophy) allows for survival and evesmsigrowth in the metalimnion (Zotina
et al., 2003). As in the Rappbode Reseririubescendias been found to be a dominant
species in the metalimnion even under low nutreonditions (Steinberg & Hartmann,

1988; Posch, 2012).
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While theP. rubescengpeak was detected by the multi-channel FluoroPKekeitation
wavelengths 470, 525, 570, 590 and 610 Rimp, 4b), it was not captured by the single-
channel chlorophyll a fluorescence measurementiseo€yclops-7 sensor of the CTD90M
probe (excitation wavelength 460 nm, Fig. 4a) anldrophyll a fluorescence YSI sensor
of the automatic profiler (excitation wavelengthO4Tm, Fig. 5b), which are sensor types
commonly used for lake monitoring to estimate ppidaokton biomass (Brentrup et al.,
2016). Given the importance of phycoerythrin-righecies such a®. rubescensfor
biogeochemical processes, important informationhtnie missed by using chlorophyll a
fluorescence sensors with only one single excitatiavelength to quantify chlorophyll a
or phytoplankton biomass. This finding agrees weith other studies showing that
chlorophyll a concentration and phytoplankton biovee were better estimated by the
FluoroProbe than by chlorophyll sensors measurimyg at a single wavelength, especially
in case of cyanobacterial blooms (e.g., Gregor &ddkek, 2004; Catherine et al., 2012).
Given the fact thaP. rubescenss almost invisible for chlorophyll fluorescencensors
based on blue excitation implies that the occurenicthis highly relevant cyanobacteria
can be overlooked in monitoring campaigns. Henoe,af more complete picture of the
organisms the use of fluorescence sensors basediitiple wavelengths instead of single-
wavelength sensors is recommended. This is paatigumportant when microscopic cell
counts are not conducted and phytoplankton mongois entirely based on fluorescence

measurements.

Moreover the FluoroProbe had been shown to stroogtyelate with the standard 1SO
method for chlorophyll a quantification’(= 0.97, p < 0.05, Gregor & Marsélek, 2004) as
well as with phytoplankton biovolume obtained bycroscopic analysig{ = 0.89, p-value

< 0.001, Catherine et al., 2012). This was valgbdbr cyanobacteria dominated waters:
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for instance, Leboulanger (2002) found tHat rubescenscell counts from discrete
sampling were closely correlated with data obtaibhgdthe FluoroProber{ = 0.89, p <
0.01, Leboulanger, 2002). Also during the monitgrin 2016 in the Rappbode Reservoir
chlorophyll a fluorescence measured by the Fluab®&icompared well with chlorophyll a
concentrations determined by the HPLC method=QR’8, p<0.001, Fig. 6b). In
conclusion, we used chlorophyll a fluorescence nressents from the FluoroProbe to get
a rough quantitative estimate of phytoplankton earbiomass. Using this approximation
of phytoplankton carbon biomass, our calculatiomowsed that it could deplete
approximately 3.1 mg ©OL™. Considering that this value was just a roughneste, it
compared rather well with the observed oxygen degplén the metalimnion of 5 mgQ.”

! Nevertheless, a reason for the discrepancy betealeulated and observed value might
lie in the fact that the peak of tiRtanktothrixbiomass was not recorded by our biweekly

monitoring programme.

The oxygen minimum in the metalimnion in late sumnvas a reoccurring feature in the
Rappbode Reservoir (Fig. 7). Phytoplankton courtia deerified the presence d?.
rubescengduring summer at the thermocline since 2009, hpswéth a peak at a depth
around 10 m. The occurrence Bf rubescensn previous years and the simultaneous
observation of a metalimnetic oxygen minimum supgabrour hypothesis, that both

features were connected.

Both features, the colonization 3. rubescensand the persistence of a metalimnetic
oxygen minimum were connected to the presence obite stratification: a) forP.
rubescensto allow for depth control by buoyancy, b) for tmeetalimnetic oxygen
minimum to limit the diffusive exchange with neighlrsing layers at higher oxygen

concentration. Hence we displayed both featurekinvithe stratification (Fig. 8), where
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we calculated the square buoyancy frequemM&d from CTD90M profiles. Both, thé.
rubescendluorescence and the oxygen minimum followed thetle of high density

475 gradients.

Prior to this study, the connection between metaditic P. rubescensnass developments
and metalimnetic oxygen depletion had not beenietiudor documented in similar detail.
However, we found hints in the literature that datsother lakes low metalimnetic oxygen
480 levels occurred simultaneously with the predomiean€P. rubescenssupporting our
hypothesis of a causal relationship between bothr €&xample, in Lake Zirich
(Switzerland), known for its recurrent mass deveiepts of P. rubescensn summer
(Micheletti et al., 1998), a metalimnetic oxygennimum developed subsequent to a
Planktothrixbloom in the metalimnion (Van den Wyngaer et20]1). Moreover, profile
485 measurements conducted in Crooked Lake (USA) insimamer of 1979 showed a
metalimneticPlanktothrixpeak accompanied by a decrease in oxygen (Kondgigd). In
Lake Ammersee (Germany) a gradual depletion of erytg very low levels was reported,

slightly below aPlanktothrixpeak (Ernst et al., 2001; Hofmann and Peeters3)201

490 We could think of three reasonable cases that pemian oxygen depletion with the
disappearance of photosynthetic activity in the alr@nion: (1) Planktothrix rubescens
died and microbial degradation of its biomass neglioxygen (2)P. rubescens
perpetuated respiration longer than photosynthatiivity (3) heterotrophic organisms
requiring oxygen for respiration (Shapiro, 1960;aRa@ja et al., 2010), which was

495 disguised whilePlanktothrixwas photosynthetically active in the metalimniblowever,
firstly the quantitative estimate of possible oxygkepletion througtlanktothrix,as well

as secondly the local confinement of the oxygeraliem to the same depths as the deep
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chlorophyll maximum and thirdly the termination afygen depletion at 40% saturation

indicate that process (3) is probably of subordinatportance.

Considering that mass developments in the metatimaf P. rubescensvere favoured by
lake warming (Posch, 2012; Yankova, 2017), metatiticroxygen minima might increase
simultaneously withPlanktothrixblooms during the next decades, causing sevels#gmns
for water quality. Given the importance of oxygesr fwater quality, the connection
betweenP. rubescensn the metalimnion and oxygen depletion shouldstuglied further

and analysed also in other lakes.

5. Conclusions

* A reoccurring metalimnetic oxygen minimum was okedrin the low nutrient
Rappbode Reservoir (Germany) during late summewals characterized by a
sharp edge towards the epilimnion and a thickneabaut 5 m.

* Oxygen depletion in the metalimnion was a consecgi@f processes occurring in
the pelagic water and was not imported from thensext on the side walls nor by
inflows.

« The emergence of the metalimnetic oxygen minimuns wannected to the
disappearance offlanktothrix rubescengopulation in the metalimnion.

* The available phytoplankton carbon biomass coufficeuto deplete oxygen in the
observed range. This suggested that biologicalictinduced by the end of a
Planktothrix mass development was an essential factor in fagrnie oxygen
minimum in the Rappbode Reservoir.

 The presence oP. rubescenswvas responsible for the later appearance of the
metalimnetic oxygen minimum either through bactediecomposition of dea#.

rubescengells, or respiration dP. rubescendeyond their photosynthetic activity.
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The presented data showed no evidence for signifimaygen consumption in the

metalimnion from sources other than the deep cploytb maximum.
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Figure 1: Bathymetric map of the Rappbode Reserwdth sampling stations. Measuring
stations L1-L16 belong to the longitudinal transeghile measuring stations T1-T7 belong to
the transversal transect. The location of the awttenprofiler is indicated by the staGeologic
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Figure 4: Seasonal and vertical development (depthime) during the year 2016. Color
contours of fortnightly profiles of (a) chlorophwgl fluorescence measured by CTD90M probe at
excitation wavelength 460 nm, (b) summed chlordghffiorescence measured by FluoroProbe
at excitation wavelengths 470, 525, 570, 590 ar@lrGt, (c) chlorophyll a fluorescence
measured by FluoroProbe at excitation wavelength &n (proxy for phycoerythrin-rich
cyanobacteria and cryptophytes), (d) dissolved ery@ng L*). Contour lines indicate water
temperature (°C) (in Fig. 4a-c) or chlorophyll aifirescence measured by FluoroProbe at
excitation wavelength 570 nm (proxy for phycoeiythich cyanobacteria and cryptophytes, in

Fig. 4d).
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Figure 5. Seasonal and vertical development (deghtime) during the year 2016. Color
contours display 3-hourly profiles of (a) water fmature (b) chlorophyll a fluorescence
excited at 470 nm (c) chlorophyll a fluorescenceited through phycocyanin at 565-605 nm (d)

dissolved oxygen.
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Figure 6: Relationship of different chlorophyll aiantification methods (n=229). Correlation
between (a) HPLC and CTD90M probe, (b) HPLC andoFdrobe, (c) FluoroProbe and
CTD90M probe. The black line shows the regressioe. [The dashed line corresponds to the

1:1 relationship.
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Fig. 7: Seasonal and vertical (depth vs. time) oxygen $efreim 2009 to 2016. Color contours

display oxygen profiles (oxygen saturation in %y aontour lines indicate water temperature

(°C).
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Fig. 8: Position within the stratification represented amtour lines of the squared buoyancy
frequency N2 [§] during 2016 of (a) chlorophyll a fluorescence rseged by FluoroProbe at

excitation wavelength 570 nm (proxy for phycoeiythich cyanobacteria and cryptophytes)

and (b) oxygen concentration.



Highlights

* A metalimnetic oxygen minimum (MOM) down to 40% saturation was observed in

summer
*  The MOM was not imported from the sediment at the side walls

» The MOM was a consequence of pelagic processes, such as respiration in the

metalimnion

* We hypothesize that Planktothrix rubescens in the metalimnion caused the MOM



