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Title:
The formation of a metalimnetic oxygen minimum exemplifies
how ecosystem dynamics shape biogeochemical processes. A

modelling study

Abstract

Metalimnetic oxygen minima are observed in manyesaland reservoirs, but the
mechanisms behind this phenomena are not well stutel. Thus, we simulated the
metalimnetic oxygen minimum (MOM) in the RappbodesBrvoir with a well-established
two-dimensional water quality model (CE-QUAL-W2)dgstematically quantify the chain of
events leading to its formation. We used high-netsmh measured data to calibrate the model,
which accurately reproduced the physical (e.g. wdéxvel and water temperature),
biogeochemical (e.g. nutrient and oxygen dynamées) ecological (e.g. algal community
dynamics) features of the reservoir, particulahnly spatial and temporal extent of the MOM.
The results indicated that around 60% of the totglgen consumption rate in the MOM
layer originated from benthic processes whereasrémeainder originated from pelagic
processes. The occurrence of the cyanobactdpiamktothrix rubescens in the metalimnion
delayed and slightly weakened the MOM through péytthesis, although its decaying
biomass ultimately induced the MOM. Our researclo abnfirmed the decisive role of water
temperature in the formation of the MOM since thatev temperatures, and thus benthic and
pelagic oxygen consumption rates, were higher enntfetalimnion than in the hypolimnion.

Our model is not only providing novel conclusiormat the drivers of MOM development
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and their quantitative contributions, it is alsoew tool for understanding and predicting

ecological and biogeochemical water quality dynamic

Keywords: RappbodeReservoir; CE-QUAL-W2; Planktothrix rubescens; Metalimnion;

Oxygen consumption; Benthic processes

1. Introduction

The concentration of dissolved oxygen (DO) is afeeyor for surface water quality and
significantly influences biogeochemical cycling aguatic ecosystems (Rhodes et al. 2017;
Terry et al. 2017; Zhang et al. 2015). For exampl®, concentration directly affects growth
and survival of aquatic organisms as well as padaty interactions (Wang et al. 1978).
Oxygen interacts with the retention and releasepladsphorus in the sediment and can
influence the trophic status of lakes and resesv@tupfer and Lewandowski 2008; Kang et
al. 2018). Due to the importance of DO on aquatmsgstems, it is not surprising that many
investigations have focused on its dynamics arldenting factors.

Many recent studies have reported a decline in D@entration in temperate stratified
standing waters. Foley et.al (2012) analysed thg-term observations of Blelham Tarn, a
monomictic lake in England, and found that hypoletie anoxia (the duration of

hypolimnetic DO concentration <1g,@n™) of the lake extended by nearly three months
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between 1966 and 2007. Knoll et al. (2018) fourat the minimum oxygen concentration in
the hypolimnion of an oligotrophic lake declined Ey4 mg/l within 27 years. As a
consequence of climate warming, deep-water oxygarteat in several perialpine lakes
decreased significantly between 1992 and 2016 (Rogb al. (2018). All these studies
focused on oxygen depletion in the hypolimnion déimel mechanisms involved were fully
characterised. In contrast, little attention hasnbgaid to DO loss within the metaliminon and
the occurrence of metalimnetic oxygen minima (hiteedOM) is far less understood.

The metalimnion is the layer of high temperaturd dansity gradients at the transition
between the upper continuously mixing epilimniom &ne hypolimnion. The occurrence of
MOMs is affecting aquatic biogeochemistry, limnet@ammunities and has been described in
many lakes and reservoirs worldwide (Wetzel 200LMOM forms a barrier for many
organisms and therefore influences the verticatridigion and biomass production of
invertebrates (Horppila et al. 2000) and fish @niflahl-Nurminen et al. 2008). Rice et al.
(2013) illustrated that metalimnetic hypoxia canusm fish kills in Lake Norman.
Additionally, McClure et al. (2018) reported thecaoence of MOM in the Falling Creek
Reservoir and indicated that the phenomenon canifisntly change greenhouse gas
dynamics. In drinking water reservoirs, a MOM caduce water quality deteriorations due
to release of manganese or other unwanted substaamg may require management
interventions.

MOMs form where vertical turbulent diffusion ratese low because this restricts the
replenishment of oxygen from the water above oowe{Kreling et al. 2017). Scientists

disagree about the mechanisms triggering the phenomand several hypotheses have been
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put forward. Early work by Shapiro (1960) illusedtthat the respiration of copepods is the
main driver of metalimnetic oxygen depletion in EaWashington. Later research by Nix
(1981) indicated that the high oxygen consumptiothe metalimnion of DeGray Reservoir,
USA, could be attributed to the entrainment ofanfs with high loads of reduced substances
(e.g. iron, manganese). A recent study by Miullerakt (2012) pointed out that rapid
decomposition of organic materials sinking from #pélimnion may also play an important
role in pelagic oxygen dynamics. As indicated byelig et al. (2017), however, many
limnologists question these hypotheses, which atigreremain speculation rather than
explanation.

The metalimnion is characterized by very stron@lgradients in temperature, biomass,
microbial activity and transport rates of gas aollites. This makes it extremely difficult to
empirically quantify the different processes thantcibute to MOM formation. Coupled
hydrodynamic-ecological models are well-suited malgze and explain the mechanisms of
DO depletion and predict its future evolution (&tti2012; Hamilton and Schladow 1997;
Ladwig et al. 2018) because they can simultaneaeslyive transport and reactive processes.
A detailed review of lake models by Arhonditsis a@mbtt (2004) concluded that predictive
abilities for DO are high in comparison to biolagficvariables (e.g. algae). More than 160
papers have been published in this field duringphst 20 years (Web of Science search on
the topic: lake & oxygen depletion & model). Howe\was stated above, most of these studies
focused on modelling the depletion of hypolimndd®, and simulating the oxygen loss in
the metalimnion remains a challenge (Weber et @lLl7p Joehnk and Umlauf (2001)

presented a study about simulating the MOM in LAkemer using a one-dimensional (1D)
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physical—ecological coupled model. They assumed timperature-dependent biological
oxygen demand (BOD) and stratification duration evéine main factors contributing to
MOM development. Antonopoulos and Gianniou (200&8)ofved a similar approach to
simulate the MOM in Lake Vegoritis and suggesteat the vertical turbulent diffusivity (&
had a big influence on metalimnetic DO dynamicswieer, none of these models resolved
other ecosystem components like phytoplankton trent dynamics and thus were unable to
link DO dynamics to ecosystem dynamics. Hencerebalts from such model studies are not
easily transferable to other systems and unsudedentify the drivers responsible for the
DO depletion. We therefore argue for the develognoéran advanced water quality model
that fully describes the ecological processes edlab the MOM, including autotrophic and
heterotrophic ecosystem processes, to improve nderstanding of the mechanisms behind
this phenomenon.

In this publication, we used a well-established evajuality model (CE-QUAL-W2)
with a spatially explicit representation of hydrodynics, oxygen, nutrients and
phytoplankton community dynamics to simulate the MIGn the Rappbode Reservoir
(Germany). In a previous study, the spatio-tempdsalamics of a MOM in the reservoir
were studied in great detail, providing empiricadence that a bloom of the cyanobacterium
Planktothrix rubescens (hereafterP. rubescens) in the metalimnion provides an important
contribution for the formation of the MOM (Wentzky al. 2019). Our model-based systems
analysis with closed dynamic budgets of oxygenri@wits, and organic carbon allows us to
guantify the contribution oP. rubescens to the MOM. We were interested in finding out

whether MOMs can also emerge without metalimneligtgplankton mass developments.
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For this purpose, we employed an experimental niadehpproach (Mooij et al. 2010) and
systematically studied, and quantified, the chdirexents leading to the formation of the
MOM. Beyond Wentzky et al. (2019), who proved tingportant contribution of pelagic
oxygen depletion, we include sediment oxygen deniamair model and attempt to put both
in relation to each other for Rappbode Reservasides this focused research question, we
also strive to develop a template for an ecolodala¢ model that can capture the dominant
physical and biogeochemical processes in the matan and predict metalimnetic

dynamics.

2. Methods

2.1. Study site

Rappbode Reservoir is located in the eastern Haanthins and has a maximum depth
of 89 m (Figure 1). It is the core of the Rappbsgistem, a network of 6 reservoirs used for
flood protection, environmental flows, hydropowesgcreation and drinking water supply.
The reservoir was constructed in 1959 and it wéedfito capacity by 1964. It is the largest
drinking water reservoir in Germany, supplying &mg water to more than 1 million people
(Mi et al. 2019). It receives water from two tribtes (Hassel and Rappbode pre-reservoirs)
and a transfer gallery from Konigshitte Reservbire water of the Rappbode Reservoir is
discharged downstream into Wendefurth ReservoinK®iet al. 2013). The reservoir is a
typical dimictic water body which stratifies in somar and winter and mixes completely in

spring and autumn. Analysis of long-term monitorohgfa showed that the reduced use of
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phosphate-containing detergents strongly decre#isedphosphorus concentration in the
reservoir after 1991, which decreased the totasphorus concentration during the mixing
period from 0.163 mg t to 0.027 mg [}, and shifted the reservoir from a eutrophic to a
mesotrophic state (Wentzky et al. 2018). This gjrdecrease of phosphorus, however, did
not reduce the phytoplankton biomass, for whichaheual mean biovolume was 1.164 mg

L™ based on long-term measurements from 1971-2016tAkeet al. 2018).

2.2. Numerical model

The two-dimensional (longitudinal-vertical) hydredymic and water quality model
CE-QUAL-W2 (hereafter W2) was selected for thisdgturhe US Army Corps of Engineers
first launched the model in 1975 and the Departroéfivil and Environmental Engineering
at Portland State University currently maintaingl aqpdates it. W2 has been successfully
used in simulating hydrodynamic and biogeochemicatesses including the relationships
between temperature, nutrients, algae, dissolvederx organic matter, and sediment for
different water bodies worldwide (Chang et al. 20Chong et al. 2018; Chuo et al. 2019;
Kobler et al. 2018; Sadeghian et al. 2018). A bdes$cription of the relevant processes in
oxygen dynamics in W2 is provided below but for endetailed information about the model,
readers are referred to the user manual (Cole aelk \®006) and an active user forum

(https://w2forum.cee.pdx.edu/). In our study, thgdrhedynamic (water level and water

temperature) and water quality (two algae groupsiients and dissolved oxygen) modules
were used.

Oxygen is produced by photosynthesis of the twotgignkton groups, whose
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photosynthetic rates depend on available light mmgients (phosphate, nitrate, ammonium
for both groups, silicate only for diatoms). Vedlidight attenuation follows Lambert-Beers
law and includes algal self-shading, i.e. the ové&ght extinction coefficient is calculated by
a background extinction coefficient plus the specdbsorption cross-section of the two
phytoplankton groups multiplied by their respectbiemasses. Oxygen consumption in the
model depends on phytoplankton respiration, degagissolved and particulate organic
matter (which are imported by inflows and produdbadbugh phytoplankton mortality),
through nitrification of ammonia, and through seeithconsumption. The decay of organic
matter is also linked to regeneration of nutrient® account for sediment oxygen
consumption and anoxic sediment release of phosphatl ammonium, a zero-order
sediment compartment was included in the moddhaasbeen reported in recent studies with
a similar topic (Brito et al. 2018; Chong et al180Terry et al. 2017). Since the 2-D model is
discretized into grid cells in the longitudinal awmértical directions, each grid cell is
homogeneous in the lateral direction, and contaisediment surface and a water volume in
accordance with the bathymetry of the reservoicadkdingly, in each 2D grid cell sediment
oxygen consumption plays a role to some extentlaadnodel explicitly accounts for oxygen
consumption from both littoral and profundal sedmse In view of the research objective
and limitation of observational data, other commpants like zooplankton, epiphyton, or
macrophytes were not included in the model.

In this study, the latest version of W2 (V4.1) weed to simulate Rappbode Reservoir.
W2 is suited for the reservoir because of its lomggrow and deep shape, for which the

lateral gradients in both hydrodynamic and watealityi variables can be neglected (see
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Figure 1). The computational grid was built basadie hypsographic data provided by the
reservoir authority (Talsperrenbetrieb Sachsen-ARph@he bathymetry input file contains
four branches, including two branches for side asosthat the physical structure of the
reservoir could be well represented by the modehalo (Figure S1). In total, the reservoir
was split into 106 segments along the longitudisiaéction. The horizontal grid spacing
ranged from 100 m to 400 m in the longitudinal dilen and 5 m to 700 m in the lateral
direction, whereas the vertical grid spacing wagagk 1 m. Overall, the full spatial model
domain consisted of 3976 model cells. The grid-dadevation-volume relationship matched

well with the observed bathymetry.

2.3. Model setup and input data

The boundary conditions for running W2 include tisezies of meteorological input,
inflow (including discharge, water temperature, rimmts) and outflow discharge. The
meteorological input data include wind speed, ampgerature, wind direction, shortwave
radiation, cloud cover fraction and dew point terapgre. The first four items were obtained
from a monitoring buoy installed in the centraltpairthe Rappbode Reservoir (see Rinke et
al. 2013). High-frequency observations (every 1@utes) were averaged to hourly values
for driving the model. The very few missing valussre filled by measurements from a
nearby monitoring station at the Rappbode pre-vese(Friese et al. 2014; Rinke et al.
2013). Cloud cover fraction data were taken from Harzgerode station of the German
Weather Service (15 km away from the research arfeajv point temperatures were

calculated from relative humidity and air temperatiby the following equation (Bolton
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_ Am(E)egn)
ey

100/  A+T

whereTy, is the dew point temperature (i€), RH is the relative humidity (in %), T is the ai
temperature (inC), and A = 237.7°C and 3 = 17.27 are constants.

The daily inflow and outflow discharges were praddoy the reservoir authority of the
state of Saxony-Anhalt (Talsperrenbetrieb Sachseimak), inflow water temperatures were
drawn from a YSI-6200 probe at the pre-reservang lonigshiitte Reservoir (see Rinke et
al. 2013). Inflow nutrients (nitrate, ammonia, @phosphate, silicate) were measured at
biweekly resolution by continuous flow photometlyHA, Skalar, The Netherlands) at the
upstream stations of the Rappbode Reservoir (Feieak 2014).

The minimum time step for the simulation was set &econd as recommended to keep
numerical stability. The output frequency of thegiation was one hour to enable sub-daily
changes of hydrodynamic and water quality variabieisial conditions (water level, water
temperature, nutrients, algal and oxygen conceotrator starting the simulation were taken
from measurements conducted at the deepest poihe seservoir (see Wentzky et al. 2018).
Since the simulation started during deep recirgufain winter, a single vertical profile was

used to initialize all horizontal segments.

2.4. Modd calibration
The model was run and calibrated from Januaf{ ttODecember 3iin 2016. This

period was selected because this year showed mamstalimnetic oxygen minimum, which
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was covered by high quality observational databfaih stratification and water quality. The
field data used for calibration were measured closthe dam wall (same location as for
initial conditions) including: (1) daily water leleprovided by the reservoir authority; (2)
biweekly profiles of water temperature and dissdlegygen, measured by a Hydrolab DS5
probe; (3) biweekly profiles of nutrient conceniat (nitrate and silicate), measured by
accredited methods following German standards Wentzky et al. 2018); (4) biweekly
profiles of algae concentratiorP.(rubescens and diatoms), detected by a multi-channel
fluorescence probe (FluoroProbe, bbe moldaenke GmWé separately determined the
plankton composition by microscopic counts (for enmformation about differentiating algal
groups from the fluorescence probe see Wentzkly €2@19)). We did not calibrate ammonia
or orthophosphate in the study, since most measmnenin 2016 were below the detection
limit (< 0.01 mg L* for ammonia, < 0.003 mgLfor orthophosphate). Model adjustment and
calibration was realized in three steps, more etdithe underlying procedures are given in
the Sl.

Step 1: Water budget

Deviations in the water budget could always belatted to inaccurate input data of
bathymetry, inflow and outflow discharge. We clogbd water budget by incorporating a
distributed tributary, as it was recommended inrttanual of W2. A graphical illustration of
this distributed inflow is given in Figure S2.

Step 2: Water temperatures

We only calibrated the wind sheltering coefficiéayt minimizing RMSE (see Table S1

in the SI for further details) and intentionallytlall other internal hydrodynamics parameters
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unchanged because they have a solid empirical ld&iset al. 2018). Note that the
background extinction coefficient was not calibdatbut determined based dm situ
measurements. We set its value close to the miniextinction coefficient that was observed
in 2016 according to measurements of photosyn#ibticavailable radiation with two
spherical LiCor LI-193SA light sensors (0.45'nsee Supplementary Figure S4).

Step 3: Water quality model

We intentionally did not rely on computational apization algorithms to parameterize
the model. In our experience, such algorithms gaalyce a good model fit but can lead to
over-optimized parameterizations with low trandbdiey to other systems, biased results
outside the optimized state space, and less explgnaower for systems analysis (Fenocchi
et al. 2019). For instance, we initially used a isaatomated optimization procedure, which
yielded a low model error for oxygen and good spaand temporal representation of the
MOM and chlorophyll concentration of diatoms aad ubescens. However, this was based
on biologically unrealistic parameter combinatioimgjuding very low pigment content and
very high phosphorus affinity d®. rubescens compared to diatoms, combined with a low
sediment oxygen demand. In our experience, as rpangmeters as possible should be
determineda priori by expert knowledge and empirical evidence in pieincorporate
ecological understanding of the important processHsis produces a more robust,
transferable model, even at the expense of a Blighgher model error. The following
empirical observations provided guidance for thectfration of the ecological model: (i) a
strong growth of diatoms in the epilimnion aftee thnset of stratification, (ii) subsequent full

depletion of phosphate in the epilimnion and sedtaigon of diatoms, (iii) appearance and
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growth of P. rubescens in the metalimnion, and (iv) intense oxygen deptetin the
metalimnion coinciding with the disappearance Rofrubescens. Based on the different
ecological niches that spring diatoms d@hdubescens occupied in Rappbode Reservoir, we
parameterized spring diatoms as r-strategists mgh maximum growth rates and moderate
light requirements, whereas we characteriRedibescens as a k-strategist with slow growth
rate, low mortality rate due to grazing resistaren®] an adaptation to low light and cold
regimes (Posch et al. 2012; Walsby and Juttner )2@)6 combination of literature values,
ecological expert knowledge and evaluation of histh data from Rappbode Reservoir, we
were able taa priori determine all parameters of the ecological moaekpt the four key
parameters: AG#1, AG#2, ASAT#1, and ASAT#2 (see lelalh), which describe
light-dependent growth of both algal groups anduiregl calibration. The details of this
calibration procedure as well as the descriptiothefa priori parameterization are outlined
in the SI. Since the formation of a MOM was semsitio sediment oxygen demand (SOD),
we independently estimated SOD in the hypolimniamf measured oxygen profiles using
the model of Livingstone and Imboden (1996) (sggpmentary information and Figure S5
for details).

The coefficient of determination R root-mean-square-error (RMSE) and Nash
Sutcliffe efficiency (NSE) were used to measure eiquerformance. These coefficients are
widely used to evaluate model performance (Caredral. 2012; Mi et al. 2018). We used
packages "tidyr", "Metrics" and "hydroGOF" in R s&m 3.4.3 to organize simulation output

data and for calculating RMSE and NSE.
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2.5. Sengitivity analysisand model robustness

We performed a local sensitivity analysis (one Ime garameter) of the ecological
model by changing each parameter valoe i Table 1, by £5% and +10% and calculated
specific sensitivity coefficientsSSC, see Rangel-Peraza et al. (2016)) for the minimum

oxygen concentrations in the MOM Qi) as:

DOmin,mod - DOmin,ref
D Omin,re f
Pmod — Pref
Dre f

SSC =

Here the indicegef and mod stand for reference and modified parameter setting
respectively. After evaluating the four parameteargges for each parameter, we averaged the
SSC values in order to achieve an average sensitiggult at the local vicinity of each
parameter value. We defin@D,,, as the global minimum DO concentration in the 36m
of the reservoir. The three parameters AT1, AHSS@IHd SODK2 were not included because
AT1 for diatoms and AHSSI#1 were 0 and it makes@se to change them on a percentage
scale and SODK?2 in the reference simulation is @:Bh is not allowed to be higher than 1.

We used the same set of simulations for a robustassessment and evaluated the
characteristics of the MOM under the various patemgerturbations in order to analyze the
robustness of the MOM phenomenon with respect to marameterization. For each
simulation, we analyzed the value DiOpin3sm, the depth ofDOpinssm, as well as the
difference in DO concentration between the minimamd 8 m below and above (taken at the

day in which the minimum occurs).

2.6. Model system analysis



331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

We used the calibrated model to investigate theridtions of pelagic (P. rubescens
and diatoms) and benthic processes (SOD) to theaftton of the MOM by hierarchical
model experiments, where different processes wereedl off and compared to the reference
simulation (scenario A) obtained with the calibcateodel. We firstly switched off only the
module ofP. rubescens (scenario B), and then only the diatoms (scen@jiaespectively, to
guantify the contribution of these two algal groupghe MOM. Subsequently, we switched
off both algal modules simultaneously (scenariot®xheck the total influence of pelagic
processes on the MOM. In order to test the corniobuof benthic processes to MOM
formation we turned off the SOD module and lefthbalgal groups active (scenario E).

Finally, as a control treatment, we run the mod#heut algae and without SOD.

3. Reaults

3.1. Model performance and goodness of fit

The parameters used in the calibrated model argrshio Table 1. An additional
distributed inflow with a small discharge (yearlgam value of 0.05 #rs?) was incorporated
into the simulation in order to close the water dretd The simulated water level agreed well
with the observationd)RMSE = 0.03 m, R= 0.99, NSE=0.99; see Figure S3). The simulated
water temperatures were also in excellent agreemaht the measurements (RMSE =
0.45 °C, B = 0.99, NSE=0.99; Figure 2) including the dynamiicsthermocline depth

indicating an accurate reproduction of the hydr@agit processes in the reservoir. The
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simulated timing of stratification onset and aut@mnmixing also agreed well with the
observed data (Figure 2).

The model adequately captured the dynamics ofwbeatgal groups (see Figure 3). The
R? values for bothP. rubescens and diatoms were above 0.5 (Table 2) and the mod#l
reproduced the spring diatom bloom as well as tieinanal metalimnetic bloom of.
rubescens (see Figure 3). Although the model slightly undéreated the maximum
concentration oP. rubescens in summer, it accurately captured the timing @Rhrubescens
bloom (day 200 to 250), its vertical localizati@s, well as the gradual decline of the bloom
from late August due to decreasing irradiance. moelel satisfactorily captured the peak
concentration (6.5 pg1, given as chlorophylh) of diatoms during spring but slightly
underestimated the deep water concentrations itemamd spring.

The model also correctly predicted the nutrientcemrtrations (Table 2, Figure 4 and 5),
with better performance for silicate {R 0.84) than for nitrate (R= 0.69). Because of
thermal stratification and strong depletion in iheminated surface layers, the observed
nutrient concentrations were always higher in thygolimnion than in the epilimnion and the
model reproduced this pattern. The simulated mitredbncentrations were slightly, but
systematically lower than measurements resulting iflow value for NSE although the
vertical gradients were well reproduced (FigureTde modeled silicate concentrations at the
surface from late summer to early winter were slighigher than the measurements (Figure
5).

The model accurately captured the observed oxygeardics (B = 0.84), particularly

the spatial and temporal extent of the MOM in thenpling location (Figure 6 and 7). In
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accordance with the measurements, the formatiatheoMOM started at the end of July and
the concentration decreased gradually to its lowedtie in mid-September. Both the
modeled and observed oxygen concentrations sholadttie oxygen minimum began to
diminish in early October and totally disappeared November, under conditions of
weakening stratification and intensifying mixing.

In conclusion, goodness of fit estimates showedexellent performance of W2 in
Rappbode Reservoir with very precise predictiomgte physical variables (water level and
temperature), high accuracy for chemical varialftes/gen and nutrients), and also good
accuracy for biological state variables (diatomd Bnrubescens). These high model skills

enable us to use the model for a process-orieytsadmas analysis.

3.2. Sensitivity analysisand model robustness

The analysis of parameter sensitivity identifieea highly sensitive parameters with
respect to the minimum oxygen concentration withe MOM, which are either involved in
diatom dynamics, sediment oxygen demand Porrubescens dynamics (see Table 1).
Interestingly, these most sensitive parameters wertecentered around a specific state
variable (e.gP. rubescence) but refer to pelagic as well as benthic composnemicating that
both pelagic and benthic processes can have agstffect on the minimum oxygen
concentration of the MOM.

The phenomenon of MOM appeared highly robust agdims parameterization as
perturbations of the parameters never produced esxydynamics without a MOM. The

minimum concentration, the depth location is vagysfightly with parameter changes (see SI
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for a detailed description) but the patterns oftigat DO gradients remained similar. The
minimum oxygen concentration from the calibratecdeipfor example, was at 5 mg'land
in all simulations with perturbed parameters ttakie remained in the range of 4.3 to 5.7 mg

L™ (Figure S6).

3.3. Mechanistic under standing of MOM for mation

The separate effect of pelagie (ubescens and diatoms) and benthic processes (SOD)
on the metalimnetic DO concentration is illustrated Figure 8. In the absence &f
rubescens (scenario B), the diatom concentration in the nietaibn (depth of 10 m) during
the summer (day 180 to 250) increased slightly fiog6 mg L* in the reference scenario (A)
to 1.83 mg L[*. Notably, the MOM was more pronounced in scenBriwvith an average DO
concentration of 6.28 mgLin the autumn MOM layer (taken as the water |detween 10
to 20 m and from day 240 to 300), which was lowemtthe 6.75 mg L in the reference
simulation.

In scenario C, the simulation without diatorRsyubescens bloomed one month earlier
(at the end of June) than in the reference sinurlatat the end of July). The metalimnetic
algal concentration reached 20 pg In scenario C, which was twice as high as in the
reference simulation. This, in turn, produced alauoetalimnetic oxygen maximum in early
summer that reached a concentration up to 14 thgAlthough a weak MOM was still
present in scenario C from day 250 onwards, theageeDO concentration in the autumn
MOM layer was 8.31 mgt, which was much higher than in the reference sition (6.75

mg LY). Additionally, the hypolimnetic DO concentratiowgre higher in scenario C than in
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the reference simulation. Scenario C demonstrates the presence oP. rubescens
postpones and weakens the MOM because during tlvetlgphase a net oxygen production
occurs within the metalimnion and no oxygen consonpfrom diatom-derived biomass
(reference scenario) is taking place.

The most remarkable result from scenario D wasttil@MOM was still present despite
the absence of both diatoms dAdubescens. With essentially no organic matter production
in the water column, the oxygen in the metalimniothis scenario is consumed solely by the
sediment resulting in a MOM with an average DO emn@tion of 8.52 mg L Oxygen
depletion from metalimnetic sediments is highemthhat from the deeper hypolimnetic
sediments because of higher temperature at thigh degpmpared to deeper layers. This
conclusion is further confirmed by the results aergario E, in which only the SOD was
turned off while the algae were still present. Theenario clearly showed that only the
activities from the two algal groups cannot trigtjeg MOM.

Finally, the MOM also disappeared completely in oantrol scenario F, i.e. when all
the pelagic processes were removed and SOD wé&s @eln this case, the DO distribution in
the water column was solely driven by temperatgpethident oxygen solubility at the
different depths and atmospheric equilibrium wittiie epilimnion.

In order to quantify the contributions from the feient processes at play in the
formation of the MOM, we extracted the oxygen prctchn rates from photosynthesis, and
the consumption rates from organic matter decay smaiment oxygen demand out of the
reference simulation. Oxygen production by photdsgsis reached 0.2 mg*lday' in the

surface layer during the spring diatom bloom, wHelgan at the time of stratification onset
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around day 100 (Figure 9A). After the spring bloahatoms continued to produce oxygen in
the metalimnion at a lower rate. Between day 150 200,P. rubescens replaced diatoms in
the metalimnion. The oxygen production rate was tltwver than in spring and reached
values around 0.1 mg™.day’. The DO consumption through decomposition of pelag
organic material derived from dead algae was hmglspring in the surface layers (day
100-160, Figure 9B) with maximum values of 0.08 rhg-day’. Afterwards, DO
consumption remained relatively high in the metaliom for another 2 months. After day 220,
DO consumption by organic matter decreased in te&limnion, with an average rate of
0.009 mg [} day* in autumn within the MOM layer. The sediment cansd a large amount
of oxygen in the bottom layers (Figure 9C) duehte high ratio of sediment area to water
volume. Given the strong temperature dependencgediment oxygen consumption rate,
sediment oxygen consumption was also high in themea layers of the epilimnion and
metalimnion (Figure 9C). The average oxygen consiompate in the autumn MOM layer,
caused by SOD, was 0.015 mg-Hay'. Taken together all the different oxygen productio
and consumption terms (Figure 9D), about 60% otdked simulated consumption rate in the
autumn MOM layer (i.e. 0.024 mg’tday") originated from benthic processes, while the
remaining 40% originated from pelagic mineralizataf dead algal biomass. In conclusion,
the MOM is formed by both pelagic and benthic D@Qldgon. P. rubescens delivers large
parts of the pelagic organic matter that fuels giel®@O consumption, but it also produces

oxygen during the growth phase and therefore éfiegtpostpones the MOM formation.

4. Discussion
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In this study, we used a well-developed water guatiodel to identify and analyze the
drivers of MOM formation. On the one hand, our egsh confirms the previous conclusion
from Wentzky et al. (2019) that the occurrence Fofrubescens delivers an important
contribution for the formation of the MOM. On th&her hand, this study also shows that the
process chain is more complex and SOD also sigmifig contributes to the phenomenon.
Our study is innovative because we employed anysta® model not only to reproduce
observations and quantitative patterns, but alsmeatify and quantify processes and test
hypotheses in a series of simulation experiments. i@odel system combines the major
physical (e.g. vertical transport and thermodynaidiogeochemical (e.g. nutrient and
oxygen dynamics), and ecological (e.g. algal comtyudynamics, resource limitation)
features of this complex ecosystem.

The simulation results were in good agreement wigasurements for all variables and
the RMSE for the water temperature was lower theat bbtained in other recent studies
(Chong et al. 2018; Lee et al. 2018; Park et all820Based on a meta-analysis of the
performance of different water quality models byhémditsis and Brett (2004), the
simulation accuracy of water temperature in thisdgtcan be regarded as top level.
Furthermore, the model accurately reproduced thwamycs of nutrients, two main algal
groups in the reservoir (diatoms aRdrubescens) and dissolved oxygen, particularly the
temporal and spatial extent of the MOM (see Fig®. The R of 0.84 for oxygen is much
higher than the median value of 0.70 calculatethf&®9 oxygen modelling studies shown in

Arhonditsis and Brett (2004).
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Using a 1D physical-biological coupled model, Jderend Umlauf (2001) and
Antonopoulos and Gianniou (2003) also captured M@M in Lake Ammer and Lake
Vegoritis, respectively. However, these models aagsidered total chlorophyll-a rather than
the dynamics of different phytoplankton groups.siiggested by Joehnk and Umlauf (2001),
merely simulating the chlorophyll-a is too genematl accounting for specific algal properties
can improve the accuracy of model simulations. Work substantiates this statement as the
ecological features of the different algal groupsour model play an important role in the
MOM formation. However, although our model is faona detailed than previous approaches,
we were also forced to apply simplications in teroisprocess formulations and state
variables. Zooplankton grazing, for example, isyandtirectly represented by algae mortality
and bacterial respiration is integrated into degtiath of organic matter. The diverse
phytoplankton community is reduced to two functiogr@ups (diatomsR. rubescens), which
largely represent the photoautotrophic organisnisiabtimixotrophs, which occur during late
summer in Rappbode Reservoir. To the best of oawledge, however, this work is the first
modelling research which systematically elucidates mechanisms that trigger MOMSs in
inland waters in a process chain including biogeoaabal and ecological dynamics.

A detailed evaluation of the model with respect gensitivity and robostness
corroborated with the findings from our simulatiexperiments in the respect that parameters
for algal dynamics as well as sediment-relatedmatars were highly sensitive. This implies
that both pelagic and benthic processes have @& laftuence on the MOM. Our model
findings were also robust against the parametéoizaiThe phenomenon of a MOM was

formed under all parameter perturbations and carldssified as a very robust feature of the
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Rappbode Reservoir model. We interpret this outcasian indicator that our conclusions

are valid over a broad range of parametter values.

Processes driving formation of a metalimnetic oxygen minimum

Our results identify a chain of events leadinghte formation of the MOM that is more
complex than the mechanism described in Wentzlal.2019). Comparing scenario A and
B (see Figure 8) showed that diatoms also congibub the formation of MOM since
sinking organic matter, originating from dead diaty consumed DO in the metalimnion. In
the reference simulation, however, this DO consionpias not visible because the growing
P. rubescens replaced the dying diatoms and the DO tatubescens produced was utilized
to break down the diatom biomass. Therefore, DCameed rather constant during this time
although the turnover was high. In the absenceatbuhs in scenario C, the earlier onsePof
rubescens therefore triggered a metalimnetic oxygen maximuaate spring and delayed and
decreased MOM formation, although decompositionogjanic material from dead.
rubescens ultimately transformed the metalimnetic oxygen maxm into a minimum.
Moreover, whenP. rubescens was excluded from the simulation in scenario B2 MOM
formed earlier and attained a lower DO concentnabecause organic matter degradation
from diatoms and SOD consumed oxygen from day I@aods. In fact, the occurrenceff
rubescens delayed and slightly weakened the MOM, althougtbibmass ultimately induced
the MOM. Additonally, a weak but clear oxygen minim still formed in the metalimnion in

scenario D, which did not contain any algae (Figrbut SOD as the sole DO sink. In order
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to assure that the value of SOD in our model ihiwita reasonable empirical range we
extracted SOD values from other water bodies fribendture (SI Table S2). It turned out that
our value of 330, m? d™ is a typical value that can also be found in othater bodies. This
indicates that benthic oxygen conspumtion can Bagmtly influence metalimnetic oxygen
dynamics in other lakes or reservoirs.

Shapiro (1960) identified three factors that mitgad to the formation of a MOM: 1)
inflow with low oxygen content; 2) in-situ biologit and chemical processes; 3) sediment
consumption. In Rappbode Reservoir, the first factmld be excluded since oxygen from
the inflows was always saturated. Also, the MOM waptured at depths between 11 m and
13 m in front of the dam. As illustrated in Figu&¥, during the period of the MOM
formation, the inflows were much warmer than watedl m depth, even during nocturnal
cooling events in exceptionally cold summer niglasly in mid-October, i.e. at the time of
MOM erosion, inflow temperatures approached metaditic temperatures. Also high loads
of sediments as an alternative process for dedpwnihtrusions can be ruled out because
almost all of the sediments from the inflow araadintly retained in the upstream pre-dams.
Additionally, the total inflow discharge during tlhecurrence of the MOM (i.e. from day 240
to 300) was very low (always lower than 0.8 s, see Figure S8). In conclusion, any
influence of inflows on MOM formation can be ruledt. The remaining two factors from
Shapiro (1960), in situ biological/chemical pro@sand SOD, appeared to contribute to the
MOM formation in Rappbode Reservoir as shown bysmenario analysis.

We further extracted and compared the simulatedy@xyprofiles at shallower sections

in the reservoir, at the same time of 2016"(8&ptember) as the measurements in 2015 from
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Wentzky et al. (2019) (see Figure S9). Althoughdeenot have the corresponding measured
oxygen profiles in 2016, based on our knowledgehef reservoir, the principal oxygen
distribution patterns were similar in 2015 and 20 the oxygen patterns should be
comparable. We found that horizontal variablilifytle simulated MOM in 2016 was a little
larger than that of the measurements in 2015 (seie Fig. 3). This may be a sign that our
model did not completely capture the contributidrbenthic and pelagic oxygen depletion
along the longitudinal axis. The morphometry of Ragde Reservoir is characterised by
steep slopes that do not allow the formation ofaned sediment layers at many places. We
therefore speculate that the SOD in the canyoneshagpstream parts is lower than that in
the central basin, where plankton growth and sedliatien of organic material is much
higher. Hence, we may have slightly overestimatedcontribution of SOD to the formation
of the MOM at these upstream sites. However, thesikl not change our conclusion that the
SOD plays an important role in the MOM development.

Besides these biogeochemical drivers, the physoaironment is decisive for the
persistence of a MOM. The metalimnion is a regiathvow vertical mixing due to strong
density gradients and this mixing refuge prevenésNIOM from being refilled with oxygen
from above or below (Dong et al. 2019). This lowximg refuge is clearly evident in the
Rappbode Reservoir and a commmon feature of statwbtified lakes and reservoirs

(Boehrer and Schultze 2008).

Theroleof temperature
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We believe that the oxygen uptake by the sedimentributes to the MOM in the
Rappbode Reservoir. Water temperature alone camgehtne SOD rate by a factor of 10
within the range of 4-30 °C (Pace and Prairie 20@#)ich is in accordance with our
calibrated SOD temperature-rate multipliers (sedela). The sediment oxygen consumption
rate is therefore highly sensitive to water tempee (Terry et al. 2017). In Rappbode
Reservoir, water temperature below 20 m depth liswé °C the whole year round (Figure
S10). The low water temperatures in these layecsedse oxygen consumption from the
sediment. In contrast, the temperature in the uppen (e.g. metalimnion and epilimnion) is
always above 10 °C in summer, which leads to divelg high sediment oxygen demand. In
the epilimnion, atmospheric exchange can offsest#t#ment uptake.In the metalimnion (i.e.
10 m to 15 m depth), however, the low vertical Wff’/ity caused by intense stratification
strongly inhibits any flux of oxygen from above below. Therefore, the high SOD rate,
which results from the warm temperature combinedh whe disconnection from the
atmosphere, is a significant factor causing the Mi@he reservoir.

Higher temperatures also significantly enhancel dgemass decay rates (Conover et al.
2016). England et al. (2015) concluded that, coegban the beginning of the 21st century,
the global mean temperature at the end of the pentill increase by nearly 5 °C under high
greenhouse gas emissions. Also, surface water tatopes have increased globally by
0.34 °C decadk in recent decades (O'Reilly and Sharma 2015). iBlgsshigher water
temperatures under strong climate warming may asgehe MOM in future. In temperate
climates, this trend is further enhanced by aneasing stratification duration (Fang and

Stefan 2009; Radbourne et al. 2019; Shatwell e2@19). Therefore, further modelling
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scenarios should focus on how to optimize managermpeactices (e.g. artificial aeration,
different withdrawal depths) to mitigate the negatinfluence caused by the increase in air
temperatures.

The advanced water quality model in this studyesysttically explained the ecological
processes related to the MOM formation in Rappl®eservoir. We extended the findings of
Wentzky et al. (2019) by showing that not only gétabut also benthic processes contribute
to MOM formation, where the strong temperature dedsity gradients in the metalimnion
play a decisive role. Since MOMs are widespreastratified lakes and reservoirs, our model
may be transferred to other systems to identifydifieers responsible for MOMs in different
case studies. A valuable next step would thereb@ean application of this model in a
multi-lake comparison to better understand the raeidms behind MOM development at a

large scale.

5. Conclusions

In this study, we used a well-established waterliyuanodel (CE-QUAL-W2) to
illustrate the mechanism behind the formation otalmnetic oxygen minima (MOM) in
Rappbode Reservoir. The results showed that ourehpeformed well in reproducing the
physical (e.g. water level and water temperatusggeochemical (e.g. nutrient and oxygen
dynamics) and ecological (e.g. algal community dyica) features of the reservoir,
particularly the spatial and temporal extent of M®M. Through a scenario analysis we

found that growth of the cyanobacteriuRianktothrix rubescens in the metalimnion
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postponed and weakened the MOM through photosyisth@shough the decomposition of

its biomass ultimately induced the MOM. Moreovée tesults showed that not only pelagic
processes, but also benthic processes (e.g. sadimmggen demand) contributed to the
formation of the MOM. Besides these biogeochencaders, the physical environment was
demonstrated as a determinant for the persistédre@®I®M. The high density gradient in the

thermocline restricted downward transport of oxydesm surface waters, yet the higher
temperatures in the metalimnion relative to thedfigpnion caused locally increased oxygen
consumption rates from the sediment and decayiggnic matter which contributed to the

formation of the MOM. Since the global warming tileis supposed to increase the MOM in
future, it is recommended in the further modellgggnarios to elucidate how to optimize the

reservoir operation strategies to adapt the negatiluence caused by the climate change.
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Tables

Table 1. Modeparameter list for the Rappbode Reservoir

o Calibrated
Parameter Description SSC
Value

WSC* Wind sheltering coefficiel 0.€
SHADE Shading coefficiel 1
EXH2C Extinction coefficient for alg-free water (r'?) 0.4t
AG #1* Algal growth rate for P-rub (ddy 0.55 -1.3
AG #2* Algal growth rate for diatoms (dy 1.5 -0.2
AR#1 Algal dark respiration rate for P-rub (cy 0.02 -1.1
AR#2 Algal dark respiration rate for diatoms (dpy 0.05 -0.4
AE#1 Algal excretion rate for P-rub (dgy 0.01 1.€
AE#2 Algal excretion rate for diatoms (d8y 0.05 -0.2
AM#1 Algal mortality rate for P-rub (day 0.005 -0.8
AM#2 Algal mortality rate for diatoms (ddy 0.05 08
AS#1 Algal settling rate for P-rub (ddy 0.001 -0.€
AS#H2 Algal settling rate for diatoms (d9y 0.05 05
AHSP#1 Algal half-saturation for phosphorus limigrdwth for P-rub (g i) 0.002 1.2
AHSP#2 Algal half-saturation for phosphorus limigrdwth for diatoms (g /) 0.002 0.1
AHSN#1 Algal half-saturation for nitrogen limitedayvth for P-rub (g i) 0.005 0.0
AHSN#2 Algal half-saturation for nitrogen limitedayvth for diatoms (g i) 0.1 0.0
AHSSI#1] Algal half-saturation for silica limited growth for-rub (g n"®) 0
AHSSI#: Algal half-saturation for silica limited growth for diatom i) 0.1 0.0




Calibrated

Parameters Description ssC
Value
ASAT#H1* Light saturation intensity at maximum phsyathetic rate for P-rub (W 8 0.2
ASAT#H2* Light saturation intensity at maximum phsyathetic rate for diatoms (W 35 0.2
AT1#1 Lower temperature for-rub growth °C)
AT1#2 Lower temperature for diatoms grow°C)
AT2#1 Lower temperature for maximum P-rub growtB)( 10 01
AT2#2 Lower temperature for maximum diatoms growiB)( 11 0.8
AT3#1 Upper temperature for maximum P-rub growi®)( 14 -0.6
AT3#2 Upper temperature for maximum diatoms grot@) 15 01
AT4#1 Upper temperature for P-rub growtg) 18 -0.4
ATA4#2 Upper temperature for diatoms growi@)( 30 0.0
ACHLA#1 Ratio between P-rub biomass and chloropayt terms of mg algae/ug chl a 0.18 0.0
ACHLA#2 Ratio between diatoms biomass and chlorthin terms of mg algae/pg chl a 0.12 0.0
Oxygen stoichiometry for-rub prmary productio
O02AG#1 ¥o y p_ P 1.1 -1.3
(mg OJ/mg algae organic matter)
Oxygen stoichiometry for diatoms primary produc
O2AG#2 § Y _ P P 1.4 1.9
(mg O/mg algae organic matter)
Oxygen stoichiometry for-rub primary respiratic
O2AR#1 Yo Y p_ yresp 1.1 0.1
(mg O/mg algae organic matter)
Oxygen stoichiometry for diatoms primary respira
O2AR#2 ¥d Y _ primary resp 1.4 0.6
(mg OGJ/mg algae organic matter)
Stoichiometric equivalent between organic mi
ORGP 0.005 0.0
and phosphorus
Stoichiometric equivalent between organic m;
ORGN 0.08 0.0

and nitrogen




Parameters

Calibrated

Description ssC
Value
Stoichiometric equivalent between organic m;
ORGC 0.45 0.0
and carbon
Stoichiometric equivalent between organic mi
ORGSI -~ 0.18 0.0
and silica
POMS Particulate organic matter settling rate (yi'jla 0.5 0.0
Sediment release rate of phosphorus, fractit
PO4R 0.015 0.9
SOD
Sediment release rate of ammonium, fractic
NH4R 0.15 -0.3
SOD
NH4DK Ammonium decay rate (day 0.15 0.3
NO3DK Nitrate decay rate (day 0.05 0.2
DSIR Dissolved silica sediment release rate, foactif SOD 0.1 0.0
SOC Maximum sediment oxygen demand , m 2 day™) -1.4
SODT1 Lower temperature for SODQ) 4 0.1
SODT2 Upper temperature for SOITY 30 0.8
SODK1 Fraction of SOD at lower temperature 0.1 0.0
SODK?Z Fraction of SOD at upper temperat 0.9¢

* The parameter used for calibration



Table 2:Summary of the performance indicators for the W2letiag of hydrodynamiand water

quality variables, RMSE = root mean squared eR0E coefficient of determination, NSE = Nash-

Sutcliffe efficiency

Simulated Variables RMSE R? NSE
Waterlevel (m! 0.0z 0.9¢ 0.9¢

Water temperaturéC) 0.45 0.99 0.9¢
NOs (mg/l) 0.14 0.6¢ -0.07

Silicate (mg/l) 0.2¢ 0.8 0.57

Diatom (ug/L) 0.73 0.55 0.4¢
Planktothrix-rubescens (ug/L) 0.65 0.56 0.1¢

Oxygen (mg/I 0.9t 0.84 0.6¢
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Figure 1. Map of Germany (top left). The black poindicates the location of Rappbode
Reservoir. Bathymetric map of the Rappbode Reserfrajht). The black point shows the

sampling location.
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Figure 2. Comparison between simulation (blackd)nend observation (red points) for water

temperature for different dates in 2016.
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Figure 3. Comparison between observed (left) amailsited (right) algal concentrations in 2016 :
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2016-01-19 2016-02-16 2016-03-01 2016-03-29 2016-04-12 2016-04-26

0
0
0
0
0
0

[4 [ 4 1] 1]
H H . H
Eh B g8 $ g8 : g% $ g8 H
. - . : = A - S -8 :
Q¥ [3 Q¥ Qv a o
o} © o} ° ) ° o} ° o °
Qg a s Qg . [=] s o o 3 o [=] o
L] L] L] L]
05 10 15, 20 05 10 15, 20 05 10 15, 20 05 10 15, 20 05 10 15, 20 05 10 15, 20
NO;z (mgL™) NOz; (mgL™) NO; (mgL™) NOz; (mgL™) NO;z (mgL™) NOz; (mg L)
2016-05-09 2016-05-24 2016-06-07 2016-06-21 2016-07-05 2016-07-18
o ¢ o ‘ o o o o ° s
.. [ .. .. .. ..
g8 : £f 3 g% ¢ £F : £¢ ¢ E® H
~ L] -~ L] ~ L] S~ L] ~ L] —~ L]
g% . g% . g% . g% . g% . g% .
a ° a ° a ° a ° a ° a °
5 . 8 ° 8 ° 8 ° 8 ° 8 °
L] L] L] L]
05 10 15, 20 05 10 15, 20 05 10 15, 20 05 10 15, 20 05 10 15, 20 05 10 15, 20
NO; (mg L) NO; (mgL ™) NO; (mg L) NO; (mgL ™) NO; (mgL ) NO; (mgL ™)
2016-08-02 2016-08-16 2016-08-30 2016-09-13 2016-09-27 2016-10-11
o o o o o o
8 ]
° L3 N [ 3 N L] L[] L] L]
g8 - N : &% ¢ E® t E® :
~ L] ~ L] ~ L] ~ L] ~ L] ~ L]
%_ 53 ° ‘g_ =3 ° %_ <3 ° ‘%_ =3 ° %_ 53 ° ‘%_ < °
a N a N a ° a ° a N a °
8 ° 8 ° 8 ° 8 ° 8 ° 8 °
L] L] L] °
05 10 15, 20 05 10 15, 20 05 10 15, 20 05 10 15, 20 05 10 15, 20 05 10 15, 20
NO; (mg L) NO; (mgL ) NO; (mg L) NO; (mgL ) NO; (mg L) NO; (mgL )
2016-10-25 2016-11-08 2016-11-22 2016-12-06 2016-12-19
o o "y o o s
4 o
= : =8 = =8 =8 H
E H E : E . E 3 H
g% . ge . g% . ge g% .
g . 3 . 8 . 8 8 .
=] o 8 i 8 o 8 8 °
0.5 2.0 0.5 2.0 0.5 2.0 0.5 2.0 0.5 2.0

10 15, 10 15, 10 15, 10 15, 10 15,
NO. (ma L) NO. (ma L™ NO. (ma L) NO. (mo L77) NO. (mo L77)

Figure 4. Comparison between simulation (blackdjrend observation (red points) for Nr
different dates in 2016.



2016-01-19 2016-02-16 2016-03-01 2016-03-29 2016-04-12 2016-04-26

° ° ° . ° : ° ° ° s
(=] — 9 L4 — 9 — 9 —_ 9 — 9 ®
EF EF s EC EF : E" . E°
g9 3 g9 23 g% %
o 03 o o3 O 03
o Qg [} 3 Qg [l [a}
° °
0 1.2 3,4 5 1,2 344 5 1.2 344 5 1,2 344 5 0 1.2 3.4 5 1,2 344 5
Sl(mgL™) SI(mglL™) Sl(mgL™) SI(mglL™) Sl(mgL™) SI(mglL™)
2016-05-09 2016-05-24 2016-06-07 2016-06-21 2016-07-05 2016-07-18
! l. l. 8 1)
—_~9 —~Q —_~9 —~Q —~9 —~Q
E" E" Eg" E" E" E"
29 29 29 29 29 29
o [0 [ [0 J9) [0
sl Q. . [l Q. Q. o [a}
© ©
0 1.2 3,4 5 1,2 344 5 1.2 3,4 5 1,2 344 5 0 1.2 3.4 5 1,2 344 5
Sl(mgL™) SI(mglL) Sl(mgL™) SI(mglL™) Sl(mgL™) SI(mglL™)
2016-08-02 2016-08-16 2016-08-30 2016-09-13 2016-09-27 2016-10-11
° s ° e ° ® ° s ° s °© s
L] L] L] L]
—_~9 —~Q —_~Q —_~Q —~9 —~Q
E” E” E" E® . E" E"
So o ° o So £o o °
o ¥ Q¥ o ¥ Q¥ o ¥ Q¥
o [0 [ [0 J9) [0
=] Qg o Q. [l [a}
©
L] L] L
0 1.2 3.4 5 1,2 344 5 1.2 3,4 5 1,2 344 5 0 1.2 3.4 5 0 1.2 3.4 5
Sl(mgL™) SI(mglL) Sl(mgL) SI(mglL) Sl(mgL) SI(mglL™)
2016-10-25 2016-11-08 2016-11-22 2016-12-06 2016-12-19
: : : :
Eﬁ E% . Eﬁ LN \ E% Eﬁ 5
g% ge g% ge g% .
a a ° a8 a a °
[=3 Y 8 o o 8 °
0 1.2 3.4 0 1.2 3 .4 0 1.2 3.4 5 0 1.2 3.4 5 0 1.2 3.4
Sl(mol ™) Sl(ma L™ Sl(molL ™ Sl {mo L™ Sl (ma L™

Figure 5. Comparison between simulation (blackdjrend observation (red points) for silicate
for different dates in 2016.



Depth (m)

Depth (m)
80 60 40 20 0

Depth (m)
60 40 20

Depth (m)
70 50 30

Depth (m)

70 50 30

Figure 6. Comparison between simulation (blackdjrend observation (red points) for oxygen

60 40 20 O

0

10

10

2016-01-19 2016-02-16 2016-03-01 2016-03-02 2016-03-29 2016-04-12 2016-04-15
ER Ex ER ER Ex ES
£ £ g9 g9 £ g2
38 38 3 8 S8 33 38
0 5 70 15 20 8% 5 10 75, 20 8% 5 1 75, 20 8% 5 1 15, 20 89 5 1o 15, 20 0 5 0 f5 20 0 5 10 15 20
Oxy (mgL ) Oxy (mgL™) Oxy (mgL) Oxy (mgL ) Oxy (mgL ) Oxy (mgL) Oxy (mgL)
2016-04-26 2016-05-03 2016-05-24 2016-06-07 2016-06-21 2016-06-29 2016-07-05
(= o o o o
Ex E E=x Ex Exg Ex
£ o) < 8 £ o £ o < £ o
g g 8- 8" g¢ g°
a 81 Qe o8 03 a 0g
o ©
0 5 10 15 20 ©0 5 10 15 20 Ro 5 1 75, 20 0 5 10 15 20 0 5 10 15 2 0 5 0 f5 20 0 5 10 15 20
Oxy (mgL™) Oxy (mgL™) Oxy (mgL™) Oxy (mgL™) Oxy (mgL™) Oxy (mgL™) Oxy (mgL™)
2016-07-14 2016-07-18 2016-07-19 2016-07-26 2016-08-02 2016-08-04 2016-08-16
_° / _° _° & _ o U o 1 o )
Es ER Ex E E E
o o (=3
£ g £ 2 £ £° £° s °
g~ & 8" %8 &3 ]
3 g 8 S8 a” =l o7
R R R
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Oxy (mg L™ Oxy (mg L™ Oxy (mg L™") Oxy (mg L™") Oxy (mg L™ Oxy (mg L™") Oxy (mg L™")
2016-08-23 2016-08-30 2016-09-07 2016-09-14 2016-09-21 2016-09-27 2016-10-11
J — e 4 ~eol gl —2o W4 ~e l ~e 4y ~e [
E | E E E E E
c 3 c c 8 c 8 c 8 c 8
gs g3 gg gs g2 gg
o’ a* av aw a* Qe
o5 M0 5 @™ 0 5 M0 5 W S0 50 % S0 5§ 0 S0 § 405 H N0 5 i 15 @™ S0 5 0 15 2
Oxy (mg L’1) Oxy (mg L’1) Oxy (mg L’ﬂ) Oxy (mg L’1) Oxy (mg L’1) Oxy (mg L’ﬂ) Oxy (mg L’1)
2016-10-20 2016-10-25 2016-11-08 2016-11-22 2016-12-06 2016-12-08 2016-12-19
l _ el [ e e e e .
E | \ Exg Eg Eg Eg ET
£ 8] £ £ £ £ £g
8 g% g §< g < 8"
a @] Qg =} a 3 Qg Qg
0 E; 10 15 20 R 0 5 10 15 20 0 5 10 15 20 © 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Oxy (ma L") Oxy (ma L1 Oxy (ma L1 Oxy (ma L1 Oxy (ma L' Oxy (ma L1 Oxy (ma L1

for different dates in 2016.



Journal Pre-proof

Oxygen (mg L_1)

Depth(m)

(&)
o
1

60 -

70 -

0 50 100 150 200 250 300 350
Day of the year

Figure 7. Comparison between simulation (A) anceoletion (B) for oxygen in 2016.
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Highlights
« The model accurately captured the metalimnetic oxygen minimum (MOM) in the reservoir
« Growth of Planktothrix rubescens delayed and slightly weakened the MOM

« Both pelagic and benthic oxygen depletion cause the MOM

« Water temperature in the metalimnion is decisive for MOM formation
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