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Abstract We expanded the existing one-dimensional MyLake model by incorporating a vertically
resolved sediment diagenesis module and developing a reaction network that seamlessly couples the water
column and sediment biogeochemistry. The application of the MyLake-Sediment model to boreal Lake
Vansjø illustrates the model's ability to reproduce daily water quality variables and predict sediment-water
column exchange fluxes over a long historical period. In prognostic scenarios, we assessed the importance
of sediment processes and the effects of various climatic and anthropogenic drivers on the lake's
biogeochemistry and phytoplankton dynamics. First, MyLake-Sediment was used to simulate the potential
impacts of increasing air temperature on algal growth and water quality. Second, the key role of ice cover in
controlling water column mixing and biogeochemical cycles was analyzed in a series of scenarios that
included a fully ice-free end-member. Third, in another end-member scenario P loading from the
watershed to the lake was abruptly halted. The model results suggest that remobilization of legacy P stored
in the bottom sediments could sustain the lake's primary productivity on a time scale of several centuries.
Finally, while the majority of management practices to reduce excessive algal growth in lakes focus on
reducing external P loads, other efforts rely on the addition of reactive materials that sequester P in the
sediment. Therefore, we investigated the effectiveness of ferric iron additions in decreasing the dissolved
phosphate efflux from the sediment and, consequently, limit phytoplankton growth in Lake Vansjø.

1. Introduction
Lakes play a crucial role in water supply, food production, recreation, and climate regulation (Franz et al.,
2018; Mueller et al., 2016; Tranvik et al., 2009). During the last century, changing climate, intensified agricul-
ture, and urbanization have been exerting increasing pressures on lake ecosystem functioning and services
(Adrian et al., 2009; Carvalho et al., 2013; Shimoda et al., 2011). Rising air temperatures and nutrient load-
ings have direct effects on lake physical and ecological properties (Ludsin et al., 2001; Schmid et al., 2014;
Stefan et al., 2001; Winder & Sommer, 2012; Woolway & Merchant, 2019). Air and water temperatures are
the key controlling factors of lake thermal regimes (Dibike et al., 2011; Livingstone, 2008), ice character-
istics (Couture et al., 2015; Magnuson et al., 2000), and ecosystem metabolism (Winder & Sommer, 2012;
Yvon-Durocher et al., 2012). Along with the meteorological drivers, increased P loading degrades lake water
quality by intensifying primary production, potentially resulting in nuisance algal blooms and deoxygena-
tion of bottom waters (Carvalho et al., 2013; Smith et al., 1999). A fraction of particulate inorganic and
organic P, either externally derived (allochthonous) or produced in the lake (autochthonous), ultimately set-
tles at the sediment-water interface (SWI), where a host of early diagenetic processes cycles P, leading either
to the return of dissolved P to the hypolimnion or to permanent burial in the sediments. The fate of deposited
P is highly variable as it depends on many different physical, biological, and geochemical properties and
processes of the sedimentary reservoir (Dittrich et al., 2009; Katsev & Dittrich, 2013; Xiong et al., 2019).

After decades of sustained external P inputs, lakes have been shown to accumulate legacy P and experience
mobilization of P from the sediment (i.e., internal loading), a phenomenon extensively reviewed in the lit-
erature (e.g., Orihel et al., 2017). Internal P load is a significant concern for stakeholders due to continued
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water quality deterioration, with associated social and economic costs, and despite measures put in place
to reduce external P loads (Matisoff et al., 2016; Mueller et al., 2016). Therefore, a predictive understand-
ing of nutrient cycles within lake systems, and internal P loads in particular, is a primary research focus for
maintaining and restoring healthy lake ecosystems.

Process-oriented lake modeling is a useful tool for guiding and assessing long-term management and water
governance strategies. The crucial requirement of such modeling is the ability to accurately represent biogeo-
chemical cycles in lakes and their response to the external drivers. Such models often rely on the assumption
of lateral homogeneity, suitable in a vertically stratified environment, and are thus underpinned by 1-D
hydrodynamic simulations coupled with ecological and biogeochemical modules of appropriate complexity
(Janssen et al., 2015). However, representation of sediment-water interactions is not a standard feature of
lake models and is often greatly simplified (Mooij et al., 2011; Soetaert et al., 2000).

Lacustrine sediments are a hot spot of enhanced biological activity. Multiple studies stress the vital impor-
tance of early diagenetic processes in controlling internal P loading in a variety of lake systems (Amirbahman
et al., 2012; James, 2017; Loh, 2013; Nurnberg et al., 2013). While early diagenetic models can capture the
drivers and timing of P release from sediment (Katsev, 2017; Katsev & Dittrich, 2013; Katsev et al., 2006;
Li et al., 2018; McCulloch et al., 2013), these detailed models are not routinely coupled to lake water column
models (Janssen et al., 2015; Paraska et al., 2014; Robson, 2014). Computational expense; complexity; and,
possibly, the underestimated importance of early diagenetic processes have led model designers to simplify
interactions between the sediment and the overlying water. Empirical lake models have been developed for
internal P loading (e.g., Schauser et al., 2006; Bryhn & Haakanson, 2007), but their generalization is unlikely
as their applicability tends to be site-specific. Popular approaches to couple sediment processes to lake water
column models have included the incorporation of an empirical bottom flux boundary (Schmid et al., 2017)
and vertically integrated submodules (e.g., oxic and anoxic layers; Janssen et al., 2015; Matzinger et al.,
2010; Mooij et al., 2011; Schmid et al., 2017). Several well-established lake models, such as FABM-PCLake
(Hu et al., 2016), DYRESM-CAEDYM (Trolle et al., 2008), CE-QUAL-W2 (Zhang et al., 2015), GLM (Hipsey
et al., 2017), and DELWAQ (Smits & van Beek, 2013), were built on variations of those approaches in order
to represent sediment-water interactions.

Here, we build upon two existing Matlab-based models: MyLake, which focuses on the reactions of P
(Saloranta & Andersen, 2007), oxygen (O; Couture et al., 2015), and carbon (C; de Wit et al., 2018; Kiuru
et al., 2018), and Matsedlab, which focuses on the reactions of O, C, iron (Fe; Couture, Gobeil, et al., 2010),
sulphur (S; Couture et al., 2016), and nitrogen (N; Akbarzadeh et al., 2018). In order to couple the two
individual models into the 1.5-D Lake-Sediment model, we merged their reactions networks. The goal is to
deliver an open-access tool for the combined modeling of water column and sediment that uses a coher-
ent biogeochemical reaction network. Consequently, we updated Matsetlab with reactions of P, aluminum
(Al), calcium (Ca), and MyLake with reactions of N, Fe, Al, Ca, and S (Ahlgren et al., 2011; Canavan et al.,
2006; Couture, Shafei, et al., 2010; Dijkstra et al., 2018; Dittrich et al., 2009; Doan et al., 2018; Gudimov et
al., 2016; Katsev & Dittrich, 2013; Katsev et al., 2006; Li et al., 2018; Parsons et al., 2017; Testa et al., 2013;
Van Cappellen & Wang, 1996).

We evaluate the coupled Lake-Sediment model against measurements both as time series and as vertical
profiles in the water column, the solid-phase sediment, and the sediment pore water of eutrophied Lake
Vansjø in Norway. We simulate the responses to (1) variable climate (air temperature), (2) absence of ice
cover, and (3) external P load cutoff. We further showcase the use of the model to assess a management
practice aimed at reducing internal P loads via the addition of reactive Fe to the water column.

2. Model Formulation, Study Site, and Methods
2.1. Model Formulation
MyLake is a one-dimensional, process-based model that simulates daily vertical distributions of lake water
temperature, density stratification, and mixing and accounts for seasonal lake ice and snow cover. It further
represents simplified P-phytoplankton dynamics where growth is limited by temperature, light, and nutrient
availability (Saloranta & Andersen, 2007). In the current study, the existing physical hydrodynamic, ice, and
snow cover modules of MyLake were used, and the P-phytoplankton module was reformulated for direct
coupling to the reaction network in the sediment. Biogeochemical reactions involving O (Couture et al.,

Investigation: Igor Markelov,
Raoul-Marie Couture, Rachele
Fischer, Sigrid Haande

Project Administration:
Raoul-Marie Couture
Resources: Raoul-Marie Couture,

Philippe Van Cappellen
Validation: Igor Markelov,

Writing - Original Draft: Igor
Markelov, Raoul-Marie Couture

MARKELOV ET AL. 3848

Methodology: Igor Markelov,
Raoul-Marie Couture, Rachele
Fischer, Philippe Van Cappellen

Investigation: Igor Markelov,
Raoul-Marie Couture, Rachel Fischer,
Sigrid Haande

Funding Acquisition: Raoul-Marie
Couture, Philippe Van Cappellen

Philippe Van Cappellen 
Software: Igor Markelov,
Raoul-Marie Couture 
Supervision: Raoul-Marie Couture,

Visualization: Igor Markelov
Raoul-Marie Couture

Writing - review & editing: Igor
Markelov, Raoul-Marie Couture,
Sigrid Haande, Philippe Van Cappellen



Journal of Geophysical Research: Biogeosciences 10.1029/2019JG005254

Figure 1. Reaction network for P, O, C, N, Fe, Al, Ca, and S in water column and sediment. Squared boxes represent particulate organic and mineral phases,
rounded boxes represent aqueous species, and polygons represent P sorbed onto ferric Fe and Al (hydr)oxides.

2015) and C (de Wit et al., 2018; Kiuru et al., 2018), as well as reactions of N, Fe, Al, Ca, and S, were similarly
coupled between sediment and water column (Figure 1; Tables 1 and 2).

The sediment module is a modified and adapted version of Matsetlab (Couture et al., 2016) rewritten specif-
ically for coupling to the water column module. The mathematical representation of the sediment module
consists of coupled nonlinear advection-diffusion-reaction equations, which represent reactive transport
processes of solid and aqueous species in the sediment. Transport processes such as bioturbation, molec-
ular diffusion, burial of solids, solute irrigation, and compaction are implemented according to Boudreau
(1997). Finally, MATLAB's pdepe solver used in Matsedlab has been replaced by operator splitting algorithm
with the Crank-Nicolson method for the transport step and Butcher's fifth-order Runge-Kutta method for
the reaction step.

In addition to P, the continuous (i.e., in water column and sediment) reaction network takes into account
the coupled cycles of key biogeochemical elements (O, C, N, Fe, Al, Ca, and S), which play important roles
in controlling P cycling in the water column and sediments (Hadley et al., 2012; Iho et al., 2017; Lehtoranta
et al., 2009; Verschoor et al., 2017). The model has been designed to study P partitioning among major
P-binding forms commonly quantified by operational P-fractionation schemes (Doan et al., 2018). The reac-
tion network includes microbially mediated primary and secondary redox reactions, aqueous speciation,
mineral dissolution, and precipitation (Figure 1; Tables 1, 2, and S1). Microbially mediated organic mat-
ter degradation (i.e., aerobic respiration, denitrification, iron and sulfate reduction, and methanogenesis)
is implemented using Michaelis-Menten rate laws. Bimolecular reaction rate laws are used for secondary
redox reactions (e.g., oxidation of Fe2+, NH+

4 , and HS−), whereas precipitation and dissolution kinetics of the
minerals depend on the corresponding degree of saturation and pH. In MyLake-Sediment, pH can be either
(a) fixed by the user, as was done here, or calculated via (b) the electroneutrality equation, or (c) by calling
a compiled version of PhreeqC (Parkhurst & Appelo, 2013). The majority of the reaction network parame-
ters are set according to previous studies (Atkin & Tjoelker, 2003; Canavan et al., 2006; Couture et al., 2016;
Dijkstra et al., 2018; Katsev & Dittrich, 2013; Parkhurst & Appelo, 2013; Van Cappellen & Wang, 1996), while
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Table 1
Algal Dynamics and OM Degradation Reactions (Primary Reactions) Included in the MyLake-Sediment Model

No. Reaction Equation
Algae dynamics

R0a (x - y + 2z)CO2 + (y - 2 z)HCO−
3 + yNH+

4 + zHPO2−
4 + (x - y + 2z)H2O 𝜇(20)Q(T−20)∕10

10 [A] 𝜆

𝜖iΔzi
×

↔ (CH2O)x(NH3)y(H3PO4)z + xO2

[
H
(

I′zi
I′

)
− H

(
I′zi+1

I′

)]
×

R0b (x + y + 2z)CO2 + yNO−
3 + z HPO2−

4 + (x + 2y + 2z)H2O
[HPO2−

4 ]
[HPO2−

4 ]+P′

↔ (CH2O)x(NH3)y(H3PO4)z + (y + 2 z)HCO−
3 + (x + 2y + 2z) O2 −m(20)Q(T−20)∕10

10 [A]

Primary redox reactions
R1 OM + x O2 → (x - y + 2z)CO2 + (y - 2 z)HCO−

3 +

+ yNH+
4 + z HPO2−

4 + (x - y + 2z)H2O

R2 OM +0.5 x NO−
3 + (y - 2z)CO2 + (0.5 x + y - 2z)H2O → k(5)[OM]𝑓iQ

(T−5)∕10
10

0.5 x N2(g) + (x + y - 2 z) HCO−
3 + yNH+

4 + z HPO2−
4

R3 OM + 4 x Fe(OH)3 + (7 x + y - 2 z)CO2 → where
4 x Fe2+ + (8x + y - 2z)HCO−

3 + yNH+
4 + z HPO2−

4 + (3x - y + 2z)H2O

R4 OM + 4 x FeOOH + (7 x + y - 2 z)CO2 + (x + y - 2z)H2O → 𝑓i =
[EA]i

[EA]i+KEA
mi

×

4 x Fe2+ + (8x + y - 2z)HCO−
3 + yNH+

4 + z HPO2−
4

R5 OM + 0.5 x SO2−
4 → 0.5 x HS- + (0.5x - y + 2 z)CO2 + ×

N−1∏
𝑗=1

KEA
m𝑗

[EA]𝑗+KEA
m𝑗

+ (0.5x + y - 2z)HCO−
3 + yNH+

4 + z HPO2−
4 + (0.5x - y + 2 z)H2O

R6 OM + (y - 2 z)H2O →

0.5 x CH4(aq) + (0.5x - y + 2z)CO2 + (y - 2z)HCO−
3 + yNH+

4 + z HPO2−
4

Note. OM = organic matter; x, y, and z define the C:N:P elemental composition of the organic matter produced or
degraded in reactions R0-R6; 𝜇(20) is the specific growth rate of algae at 20 ◦ C; Q10 is the Q10 temperature coefficient;
[A] is the concentration of algae; 𝜆 is the fractional day length; 𝜖i is the attenuation coefficient for layer i;Δzi is the thick-
ness of the layer i; H is the light limitation function (Saloranta & Andersen, 2007); I′zi is the photosynthetically active
irradiance at noon at the depth level zi; I′ is the light saturation level of photosynthesis P′ is the limiting concentration
of HPO2−

4 ; m(20) is the algae loss rate at 20 ◦ C; k(5) is the degradation rate constant at 5 ◦ C; [OM] is the concentration
of organic matter (i.e., POP, DOP, POC, and DOC); [EA]i is the concentration of the electron acceptor (i.e., O2, NO−

3 ,
Fe(OH)3, FeOOH, and SO42−); KEA

mi is the half-saturation constant. Parameter values used in the simulation are listed
in Tables S2 and S4 in the supporting information.

others were either calibrated using the global optimization toolbox in MATLAB, which relies on a genetic
algorithm, or manually fine-tuned to obtain the best overall fit to the observations.

Coupling of the water column and sediment across the SWI accounts for fluxes of dissolved and solid species.
Each time step of the two-way coupled model involves the following three sequential operations: (i) MyLake
provides boundary conditions for solid (Neumann type) and aqueous (Dirichlet type) species to the sediment
module; (ii) results of the sediment module run are used to estimate the diffusive and nonlocal transport
fluxes of dissolved species across the SWI; (iii) these fluxes across the SWI are used to update the concen-
trations of dissolved species in the benthic boundary layer of the water column; (iv) MyLake then proceeds
to the next time step.

Specifically, MyLake provides boundary conditions for the sediment solid and aqueous species. The set-
tling (advective) flux of a solid constituent from the water column to the sediment is proportional to its
concentration in the water column Cs

i times its settling velocity ws. Additionally, in the coupled model, sig-
nificant accumulation of sediment is assumed to be restricted to water depths exceeding a user-specified
“sediment effective depth” (Figure 2). Thus, for the solid s, the one-dimensional, sediment surface
area-weighted deposition flux at the SWI is estimated as follows:

Fs
𝑗
=

n∑
1
𝜔s · Cs

i,𝑗 ·
Ai − Ai−1

Ased
, (1)

MARKELOV ET AL. 3850
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Table 2
Secondary Redox Reactions, Mineral Precipitation-Dissolution Reactions, P Sorption and Precipitation Reactions, and
Equilibrium Reactions in the Coupled MyLake-Sediment Model

No. Reaction Kinetic or equilibrium
Secondary redox reactions

R11 HS− + 2O2 → H+ + SO2−
4 ktsox[O2][

∑
S(−II)]

R12 HS− + 2Fe(OH)3 + 5H+ → 2Fe2+ +S(0) + 6H2O ktsfe [Fe(OH)3] [
∑

S(−II)]

R13 Fe2+ + 1
4 O2 + 2HCO−

3 + 1
2 H2O → Fe(OH)3 + 2CO2 kfeox [Fe2+] [O2]

R14 2O2 + NH+
4 + 2HCO−

3 → NO−
3 + 2CO2 +3H2O kamox [O2] [NH+

4 ]

R15 CH4 + O2 → CO2 + H2O kch4o2 [CH4] [O2]
R16 CH4 + SO2−

4 + CO2 → H2S + 2HCO3− kch4so4 [CH4] [SO2−
4 ]

Mineral precipitation-dissolution reactions
R21 OM + HS− → OMS koms [

∑
OM] [

∑
S(−II)]

R22a S(0) → S8 kspre[S(0)]

R22b S8 → S(0) ksdis [S8]
R23 FeS2 + 5O2 + H+ → FeOOH + 2SO2−

4 kfes2ox [FeS2] [O2]

R24 FeS + S(0) → FeS2 kfespre [FeS] [S(0)]

R25 4FeS + 3O2 + 2H2O → 4S8 + FeOOH kfesox [FeS] [O2]

R26 FeS + HS− + H+ → FeS2 + H2 kfes2pre [FeS] [
∑

S(−II)]

R27a Fe2+ +HS− → FeS + H+ kfepre(𝛺FeS − 1)

R27b FeS + H+ → Fe2+ + HS− kfedis [FeS] (1 - 𝛺FeS)

R28a Ca2+ + CO2−
3 → CaCO3 kCCpre(𝛺CC - 1)

R28b CaCO3 → Ca2+ + CO2−
3 kCCdis [CaCO3] (1 - 𝛺CC)

R29a Fe2+ + CO2−
3 → FeCO3 kFCpre (𝛺FC − 1)

R29b FeCO3 → Fe2+ + CO2−
3 kFCdis [FeCO3] (1 - 𝛺FC)

Phosphorus sorption and precipitation reactions
R31a HPO2−

4 + Fe(OH)3 → PO4 ≡Fe(OH)3 + H+ kFe(IIIa)
psorb [Fe(OH)3] [HPO2−

4 ]

R31b PO4 ≡Fe(OH)3 + H+ → HPO2−
4 + Fe(OH)3 4R3 + 2R12

R32a HPO2−
4 + FeOOH → PO4 ≡ FeOOH + H+ kFe(IIIb)

psorb [FeOOH] [HPO2−
4 ]

R32b PO4 ≡FeOOH + H+ → HPO2−
4 + FeOOH 4R4

R33a 3Fe2+ + 2HPO2−
4 → Fe3(PO4)2 + 2H+ kVpre(𝛺V − 1)

R33b Fe3(PO4)2 + 2H+ → 3Fe2+ + 2HPO2−
4 kVdis [Fe3(PO4)2] (1 - 𝛺V )

R34a 3Ca2+ + 2HPO2−
4 → Ca3(PO4)2 + 2H+ kApre(𝛺A − 1)

R34b Ca3(PO4)2 + 2H+ → 3Ca2+ + 2HPO2−
4 kAdis [Ca3(PO4)2] (1 - 𝛺A)

R35a HPO42− + Al(OH)3 → H+ + PO4 ≡ Al(OH)3 kAl
psorb [Al(OH)3] [HPO2−

4 ]

Equilibrium reactions
R31a HPO2−

4 + Fe(OH)3 → PO4 ≡Fe(OH)3 + H+ kFe(IIIa)
psorb [Fe(OH)3] [HPO2−

4 ]

R31b PO4 ≡Fe(OH)3 + H+ → HPO2−
4 + Fe(OH)3 4R3 + 2R12

R32a HPO2−
4 + FeOOH → PO4 ≡ FeOOH + H+ kFe(IIIb)

psorb [FeOOH] [HPO2−
4 ]

R32b PO4 ≡FeOOH + H+ → HPO2−
4 + FeOOH 4R4

R33a 3Fe2+ + 2HPO2−
4 → Fe3(PO4)2 + 2H+ kVpre(𝛺V − 1)

R33b Fe3(PO4)2 + 2H+ → 3Fe2+ + 2HPO2−
4 kVdis [Fe3(PO4)2] (1 - 𝛺V )

R34a 3Ca2+ + 2HPO2−
4 → Ca3(PO4)2 + 2H+ kApre(𝛺A − 1)

R34b Ca3(PO4)2 + 2H+ → 3Ca2+ + 2HPO2−
4 kAdis [Ca3(PO4)2] (1 - 𝛺A)

R35a HPO42− + Al(OH)3 → H+ + PO4 ≡ Al(OH)3 kAl
psorb [Al(OH)3] [HPO2−

4 ]

MARKELOV ET AL. 3851
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Table 2
Continued

No. Reaction Kinetic or equilibrium
Equilibrium reactions

R41 CO2(aq) + H2O = H2CO3 = HCO−
3 + H+ = CO2−

3 + 2H+ KC0KC1KC2

R42 H3PO4 = H2PO−
4 + H+ = HPO2−

4 + 2H+ = PO3−
4 + 3H+ KP1KP2KP3

R43 H2S = HS− + H+ KH2S

R44 NH+
4 = NH3 + H+ KNH4

R45 H2O = H+ + OH− KH2O

Note. Two pools of Fe(III) are used to represent two pathways of Fe (oxy)hydroxide formation that yield minerals with
different reactivities (Couture et al., 2016). The first pathway produces reactive Fe(OH)3 upon oxidation of ferrous Fe
(R13); the second pathway yields less reactive FeOOH through the oxidation of pyrite and mackinawite (R23, R25).
Parameter values used in the simulation are listed in Table S4.

where spatial and temporal grids points are represented by indices i and j, respectively; 𝜔s is the settling
velocity of the solid particles in the water column; Cs

i,𝑗 is the concentration of the solid constituent in the
water column; Ai is the area of the sediment below ith layer of water column; Ai−1 is the area of the sedi-
ment below (i − 1)th layer of water column; and Ased is the total area of the sediment below the “sediment
effective depth”. The numbering of the layers starts at the deepest point of the lake with A0 = 0. The sedi-
ment boundary condition for solute a is the area-weighted mean concentration in the water column below
the “sediment effective depth”:

Ca
𝑗
=

n∑
1

Ca
i,𝑗 ·

Ai − Ai−1

Ased
. (2)

Pore water profiles modeled in the sediment are used to estimate fluxes at the SWI. Thus, the flux of solute
a at the SWI is estimated as the sum of diffusive and nonlocal bioirrigation fluxes:

Fa
𝑗
= −

𝜑Da
o

𝜃2

𝜕Ca
i,𝑗

𝜕z
+ 𝛼

L

∫
0

(Ca
i,𝑗(z) − Ca

0,𝑗)dz, (3)

where 𝜑 is the porosity, Da
o is the temperature corrected molecular diffusion coefficient of solute a, 𝜃 is

the tortuosity, Ca
i,𝑗 is the concentration of dissolved species, Ca

0,𝑗 is the concentration of dissolved species
at the SWI (i.e., bottom water concentration), z is depth in the sediment with z = 0 at the SWI, 𝛼 is the
irrigation coefficient, and L is the the depth of irrigation. The diffusive flux is estimated using a fourth-order
finite-difference approximation. The integral is estimated using the trapezoidal method.

Figure 2. Representation of sediment in the model. Due to sediment focusing toward the deeper parts of the lake,
significant accumulation of sediment is assumed to only occur below a user-defined “sediment effective depth,” dsed. If
Ai is the surface area of the water column layer that intersects the SWI at depth dsed and Ai−1 that of the water column
layer below it, then Ai − Ai−1 is the area of the SWI that captures the particulate matter deposited at water depth dsed
and across which solutes are exchanged between the sediment pore water and the ith water layer. The SWI is similarly
divided until the lowest water depth is reached where A0 = 0. Thus, the model calculations can be considered to be
1.5-D as the horizontal two-dimensional morphology of the lake is taken into account.
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Finally, the flux of solute a across the SWI leads to a change of the water column concentration, which is
estimated at each time step for each layer below the “èediment effective depth”:

Ca
i,𝑗+1 = Ca

i,𝑗 + Fa
𝑗

Ai − Ai−1

Vi
Δt, (4)

where Vi is the volume of ith layer of water column and Δt is the time step of the coupled model. A mass
balance check of the coupled model revealed less than 1% error for a 10-year simulation.

The model's short execution time and its execution as a Matlab function (taking parameter values as input
and returning performance metrics as output) make it suitable for sensitivity and uncertainty analyses.
It enables users to evaluate if parameter values found after optimization are unique and determine if the
parameters agree with field data and process knowledge (Jackson-Blake & Starrfelt, 2015). Low model sensi-
tivity to a given parameter or the response of the parameter value to changes in other parameters may lower
confidence in the values emerging from the optimization (Dittrich et al., 2009).

2.2. Study Site
Lake Vansjø (59◦ 23′N, 10◦ 50′E) is located in the southeastern part of Norway. Its catchment was formed
during the last ice age and consists of an accumulation of unconsolidated glacial debris (coarse moraines).
The area surrounding the lake presently comprises mainly forest (78%), agricultural area (15%), and open
water (7%; Skarbøvik et al., 2019). Lake Vansjø has a surface area of 36 km2 and comprises several subbasins,
the two largest being Storefjorden (eastern basin, draining a catchment of 244 km2), and Vanemfjorden
(western basin, draining a catchment of 58 km2). The water column of both basins remains oxygenated
throughout the year. In this study, we focus on the deeper Storefjorden basin (max depth 41 m, mean depth
8.7 m, and residence time 10 months), which drains into the Vanemfjorden basin through a shallow channel.
The hydraulic residence time for the two basins together is estimated at 13 months.

The lake is an important drinking water source for three surrounding municipalities and is used for fish-
ing and recreation. It has a long history of eutrophication from, at least, the 1970s when the systematic
monitoring of the lake began. Total P concentrations in Storefjorden typically vary between 20 and 40
μg-P/L (Skarbøvik et al., 2019), that is, above the threshold of good ecological status set by the European
Water Framework Directive. Lake Vansjø has experienced blooms of cyanobacteria causing beach closures
(Moe et al., 2016). Measures to reduce inputs of phosphorus have not been met with a proportionate level
of success (Skarbøvik et al., 2019).

2.3. Sampling, Analysis, and Data Sources
Historical precipitation, temperature, insolation, and wind records for Lake Vansjø were obtained from daily
weather data at the Norwegian Meteorological Institute stations 1,715 (Rygge), 1,750 (Floter), and 378 (Igsi),
located between the two lake basins (59◦ 38′N, 10◦ 79′E). Future climatic conditions were obtained from
an ensemble of models used by the Inter-Sectoral Impact Model Intercomparison Project and downloaded
from the Centre for Environmental Data Analysis database (Warszawski et al., 2014). The Institute Pierre
Simon Laplace General Circulation Model (Dufresne et al., 2013), Geophysical Fluid Dynamics Laboratory
Climate Model (Delworth et al., 2012), and Norwegian Earth System Model (Bentsen et al., 2013) provided
air temperature projections for the period from 2018 to 2100. We retrieved the results of two representative
concentration pathways (RCP) of radiative forcing, 4.5 and 8.5 W/m2, for each model. The data were linearly
interpolated over Lake Vansjø using the nearest three grid points. For weather projections without climate
change, the statistically consistent future weather was generated after Chen et al. (2010).

Catchment hydrology and loads of suspended sediments, particulate P, and dissolved species were com-
piled previously (Couture et al., 2018), using daily measurements of flow and biweekly measurements of
water chemistry over a 30-year period (1 January 1983 to 31 December 2013) measured at the gauging sta-
tion at Hogfoss (Station 3.22.0.1000.1; Norwegian Water Resources and Energy Directorate). Lake water
chemistry and temperature data were provided by the Vansjø-Hobøl monitoring program, conducted by the
Norwegian Institute for Bioeconomy Research and by the Norwegian Institute for Water Research (Haande
et al., 2016). The measurements include temperature, concentrations of dissolved oxygen (DO), total P
(TP), orthophosphate-P (DIP), particulate organic phosphorus (POP), and chlorophyll a (Chl-a). These
data are available freely through Norwegian Institute for Water Research's online database (http://www.
aquamonitor.no) until 2015 and on the Norwegian national database (https://vannmiljo.miljodirektoratet.
no).
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An undisturbed sediment core was collected at the deepest point of the Storefjorden basin using a modified
Kajak-Brinkhurst gravity-type corer with an inner diameter of 8.3 cm. The core was sectioned at 1-cm inter-
vals from the SWI down to 5 cm, at 2-cm intervals from 5- to 15-cm depth and at 5-cm intervals from 15- to
30-cm depth. Samples were transported at 4 ◦ C before centrifugation at 500 g under nitrogen atmosphere
(N2:H2 97:3%, O2 < 1 ppmv). The supernatant, hereafter referred to as the pore water fraction, was filtered
through a 0.2-μm pore size polypropylene membrane filter (Whatman).

Phosphorus partitioning within the sediment was evaluated using the five-step sequential extraction scheme
from Hieltjes and Lijklema (1980), Paludan and Jensen (1995), and Reitzel et al. (2006), where Steps 1 and
2 were carried out under an N2 atmosphere. Briefly, samples were treated, at a 1:25 sediment:solution ratio,
with (1) deionized water for 16 hr at 40 ◦ C, (2) bicarbonate buffered dithionite (BD) solution for 1 hr at
40 ◦ C, (3) 0.1 M NaOH for 16 hr at 40 ◦ C, (4) 0.5 M HCl for 16 hr at 40 ◦ C, and (5) ashed for 8 hr at
520 ◦ C and 1.0 M HCl for 16 hr at 120 ◦ C. Between steps, the supernatant was recovered and filtered
through a 0.2-μm pore size polypropylene membrane filter. The following operationally defined fractions
are associated with the corresponding sequential extraction steps: loosely bound-P, Fe-P, Al-P, Ca-P, and
unreactive-P. POP is estimated by subtracting the molybdate-reactive phosphorus from total phosphorus
measured in the NaOH extract (Ahlgren et al., 2011). All solutions were prepared using analytical grade
reagents from Fluka, Sigma-Aldrich, or Merck and prepared with 18-Ohm water (Millipore) deoxygenated
by cooling boiled water using a N2 stream. Total Fe, Al, and Ca concentrations of the pore water samples
and extracts were measured by ICP-OES (Thermo Scientific iCAP 6300) after acidification with HNO3 to
pH < 2. Total P and soluble reactive P (SRP) were measured by the molybdenum blue/ascorbic acid method
on a LaChat QuickChem 8500 flow injection analyzer system. Matrix-matched standards were used for all
calibrations, and NIST-validated multielemental solutions were used as controls.

3. Results and Discussion
3.1. Water Column Temperature and Chemistry
Because of the relatively short hydraulic residence time of the lake, initial conditions in the water column
only affect the result during the first 10 years of simulation. In contrast to the water column, the sediment
contains slowly reacting solid phases, and the module could not be spinned up with measured data only.
Instead, the 1983–1995 cycle was repeated until the sediment column reached steady state, at which point
the concentration distributions were saved and used as initial conditions in the further simulations of the
historical period (1995–2015), open water scenario (1995–2015), climate warming (1995–2070), external P
reduction scenario (1995–2200), and Fe amendment scenario (1995–2070).

Six model parameters were optimized to fit the simulated temperatures to observations in the water column
of the lake: the open water diffusion ak, the ice-covered period diffusion parameter aice

k , the minimum stabil-
ity frequency N2, the light attenuation coefficients (photosynthetically �̂� and nonphotosynthetically active
̄̂𝜀), and the win sheltering coefficient Wstr (Table S2). These parameters were taken from previous modeling
studies on Lake Vansjø (Couture et al., 2014; Saloranta & Andersen, 2007).

Figure 3 highlights the good agreement between simulated and observed temperatures. The mean absolute
error for all depths was 1.07 ◦ C, RMSE was 1.34 ◦ C, the correlation coefficient (r) was 0.91, the coefficient
of determination (R2) was 0.7, and the bias was −0.6 ◦ C (Table S3). In general, the model tended to slightly
underestimate the warming of the hypolimnion during summer periods.

Of the 43 parameters values needed for the reaction network, 30 were taken from the literature
(Atkin & Tjoelker, 2003; Canavan et al., 2006; Couture et al., 2016; Dijkstra et al., 2018; Katsev & Dittrich,
2013; Parkhurst & Appelo, 2013; Van Cappellen & Wang, 1996), and 13 were fitted to reproduce the obser-
vations. The calibrated parameters relate to organic matter degradation, the half-saturation constants of
microbial Fe reduction, and P sorption and mineral precipitation parameters. The values remained within
the range of previously reported values, as shown in the supporting information (Table S4).

The dissolved oxygen (DO) concentration in the water column declined throughout annual periods of
high productivity, reaching minimum values in the hypolimnion at about 0.1 mmol/L (Figure 4). The
measurements are more scattered before the year 2010 than afterward, likely reflecting the improved DO
measurement protocols introduced in 2010. As can be seen in Figure 4, the model was able to reproduce the
observed DO concentration time series in the water column with a bias of less than 9% for the DO concentra-
tions in the hypolimnion. The RMSE gradually increased with the depth, from 0.03 mmol/L at the surface
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Figure 3. Observed temperatures (symbols) at different depths in Lake Vansjø compared to simulations (lines) with the calibrated physical model for the period
from 2005 to 2014.

to 0.1 mmol/L at 40 m (Table S3). Although the timing and magnitude of the DO peaks are well captured, in
the specific case of DO at 40-m depth, the model struggles to fully capture the trends, which results in the
low statistical correlation metrics (Table S3). The model satisfactorily captured the seasonal variations of
total phosphorus (TP), phytoplankton (Phy-P), DIP, and particulate phosphorus (PP) in the mixed layer of
the lake (Figure 5). The simulated P dynamics in the lake reproduced the observed strong seasonal features,

Figure 4. Observed dissolved oxygen concentrations (symbols) at different depths in Lake Vansjø compared to simulations (lines) of the calibrated model for
the period from 2005 to 2014.
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Figure 5. Observed concentrations (symbols) of total phosphorus (Total P) in surface water (0–4 m), phosphorus in phytoplankton (Phy-P) in surface water
(0–4 m), dissolved inorganic phosphorus (DIP) in surface and bottom water (36–40 m), and particulate phosphorus (PP) in surface water (0–4 m) compared to
simulations (lines) of the calibrated model for the period from 2005 to 2014. Total P is the sum of all phosphorus compounds, i.e., Phy-P, DIP, and particulate
organic and inorganic P. Measured Phy-P concentrations are derived from Chl-a measurements using C:Chl-a=40:1 (g/g) and C:P=106:1(mol/mol) ratios
(Cloern et al., 1995). PP is the sum of allochthonous particulate organic phosphorus and solid inorganic phosphorus.

with Phy-P reaching maximum values during the summer when the lake is most productive. By contrast,
surface DIP is at a minimum during the summer, consistent with its uptake by phytoplankton. Discrepan-
cies between measured and model P distributions in the water column may be due to the simplicity of the
algal dynamics in MyLake. Although this version of MyLake adds NO3

− and NH4
+ as state variables, it does

not yet simulate N-limitation to algal growth or phytoplankton community dynamics, as is done in other
models such as PROTECH (Reynolds et al., 2001); thus, community shifts due N recycling from the sedi-
ments, or to changing climate, are not captured. Other processes, such as cell buoyancy effects (Gemmell
et al., 1840) and grazing by zooplankton (George & Reynolds, 1997), are also not included.

3.2. Sediment Pore Water and Solid-Phase Geochemistry
In the sediment, the pore water concentration of DIP gradually increased with depth from near 0 mM at SWI
to about 0.06 mM at 16 cm, then steadily decreased to 0.04 mM at 30 cm (Figure 6.1). In the upper 10 cm,
the concentrations of dissolved Fe and Ca increased steadily with depth to their highest values of 0.5 and
0.27 mM, respectively, remaining fairly constant at greater depths. The model captured the main features of
the pore water profiles, both the depth of the phosphate and Ca peaks and the magnitudes of the concen-
trations. The total solid fraction of P in the sediment was about 0.7 mmol/g of dry sediment (2% by weight).
Solid-phase P speciation was dominated by Fe-bound phosphorus (Fe-P), followed by Al-bound (Al-P), POP,
and Ca-bound phosphorus (Ca-P). In the model, Fe-P is represented by P sorbed on Fe minerals and vivian-
ite, Al-P by P sorbed on Al, POP by allochthonous particulate P, and Phy-P, and Ca-P by apatite. By adjusting
the parameters of first-order rate constants of organic matter degradation, dissolution and precipitation con-
stants of vivianite and apatite, and phosphate adsorption constants on Fe and Al oxides, the model also
captured the distribution of P in the operationally defined pools (Figure 6.2). The modeling results indicate
that the most significant parameters, with respect to P release from the sediment to the water column, are
the parameters values describing organic matter lability (first-order rate constants of organic matter degra-
dation), the reductive dissolution of Fe (oxy)hydroxides (half-saturation constants of the terminal electron
acceptors), and the sorption of P onto Fe and Al oxides (Table S4). The model-predicted sediment burial
rate of 0.1 cm/year falls within the range of 0.07–0.21 cm/year obtained from 210Pb dating of two cores
taken in 2005 (Solheim et al., 2006). Thus, the burial rate suggests that the top 15 cm of the sediment repre-
sent about 100–150 years of sediment deposition. Finally, although the pore water DO was not measured in
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Figure 6. Sediment geochemistry: (1) observed (circles) and simulated (lines) pore water profiles of DIP, ferrous iron, and calcium, along with simulated pore
water profile of dissolved oxygen (insert) and (2) observed (solid red) and simulated (blue with diagonal lines) average concentrations of the solid-phase pools of
phosphorus in depth interval 0–30 cm. The pore water and solid-phase data were measured on sediment cores collected in October 2014 in the deepest part of
Lake Vansjø.

the sediment cores, modeling results predict that it was depleted within the uppermost 0.3 cm of sediment
(Figure 6.1, insert). Such DO penetration depth is consistent with high rates of organic matter degradation
following the season of high biological productivity (Maerki et al., 2009).

3.3. Baseline Simulation
Depth-integrated P reaction rates, fluxes, and inventories are shown in Figure 7. The simulation results
for the historical 1995–2015 period, hereafter referred to as the baseline, indicate that about one third of P
deposited at the SWI is sorbed to ferric Fe (oxy)hydroxides and the remaining consists of POP. Upon reduc-
tive dissolution of the Fe oxides and microbial degradation of POP, on average 60% of the deposited P is
returned as DIP to the overlying water, while 40% remains trapped in the iron redox cycle or precipitates as
apatite. Below the upper (0–15 cm) sediment interval of P recycling associated with the reductive dissolution
and oxidative precipitation of ferric Fe (oxy)hydroxides, P is permanently removed via the burial of Fe and
Ca phosphate mineral phases and P sorbed to Al oxides. Over the historical period, the bottom sediments act
as a net sink for P. The P exchanges between the sediments and the overlying water vary significantly along
a single year, however. In particular, the sediments become a more pronounced source of P to the water
column during the growing season (Figure 8). In the following sections, the baseline serves as the starting
point of additional simulations in which various perturbations are imposed on the lake-sediment system,
namely, (1) projected future changes in air temperature, (2) disappearing ice-cover, (3) stoppage of external
P input, and (4) Fe amendments as a remediation strategy.

3.4. Climate Warming Scenarios
Lakes are warming under climate change worldwide (Woolway & Merchant, 2019). Surface temperatures
in seasonally ice-covered lakes have been reported to increase faster than in ice-free lakes (O'Reilly et al.,
2015; Winslow et al., 2018). At the same time, significant decreases in the duration of ice cover have been
observed and are projected to continue (Austin & Colman, 2008; Butcher et al., 2015; Fang & Stefan, 2009),
with profound impacts on water-column processes, as summarized in Lindenschmidt et al. (2018). Lake
water quality and harmful algal blooms are expected to worsen as a result of higher water temperatures
(Mantzouki et al., 2018), droughts, and longer hydraulic residence times (Mosley, 2015; Visser et al., 2016).

Here we analyze how Lake Vansjø may respond to changing air temperatures and, in particular, how this
may affect P exchanges between the bottom sediments and the water column. Historical air temperatures for
the period 1995–2015 and those from the climate models described in section 2.3 for the period from 2015
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Figure 7. Calculated 20-year average values of P fluxes (μmol-P·cm−2·year−1) and depth-integrated P inventories
(μmol-P/cm2) in the water-column and sediment: (1) historical 1995–2015 simulation, (2) no ice cover 1995–2015, (3)
increasing air temperatures 2050–2070, and (4) Fe amendment scenario 2030–2050. IPSL, GFDL, and NorESM climate
models provided the atmospheric forcing for Scenarios 3 and 4. Dashed zigzag lines represent fluxes in and out of the
water column due to lake inflows and outflows as well as transfers across the SWI. Red and green colors represent
relative change in values compared to the historical 1995–2015 simulated values. Percentage change within 1% of the
original values are noted with dash (no change). OP stands for the sum of particulate and dissolved organic P.

to 2070 were imposed to the model. The largest differences in the projected air temperatures are between
the climate models rather than between RCPs: IPSL and GFDL both predict warmer winters (+7 ◦ C for
IPSL and +3 ◦ C for GFDL) and summers (+3 ◦ C for IPSL and +0.5 ◦ C for GFDL), while NorESM predicts
warmer winters (+3 ◦ C) but colder summers (−3 ◦ C) compared to the historical period (Figure S1). Trends
of selected model variables under the climate warming scenarios are summarized in Figure 9 (note that
seasonal ice formation is still taking place in the warming scenarios, in contrast to the open water scenario
discussed in section 3.5).
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Figure 8. Weekly total P loading (external plus internal) to the water column of Lake Vansjø (blue line), and relative
contributions (in %) of P supplied from the catchment (solid white) and from the sediments (solid gray). The results
shown are average values for the period 1995–2015.

In agreement with previous studies (Gebre et al., 2014), the model results predict that, on an annual basis,
with every degree of air temperature increase, the duration of lake ice shortens by about 21 days (Figure S2).
In the “warmest” IPSL RCP 8.5 scenario, the model yields a reduction in ice cover duration from 105 days
during the historical period (1995–2015) to less than 20 days for the 2050–2070 period.

Increasing air temperature and decreasing ice cover have antagonistic effects on water column stability. As
summarized in Obertegger et al. (2017), decreasing ice cover duration enhances spring mixing as a result
of prolonged periods of open water and subsequent wind exposure, an effect that is offset by earlier stratifi-
cation due to warming air temperatures (Adrian et al., 2009), which in turn slows down DO replenishment
of the lower lake waters. Despite an extension of the period of water column stratification by up to 10 days,
compared to the historical 1995–2015 period, the cumulative effect of both imposed environmental vari-
ations is the gradual deepening of the thermocline, together with increasing vertical mixing (on average)
and decreasing duration of hypoxia (Figures 7 and 9). These results are in line with previous studies where
shorter ice cover duration is the governing factor driving increasing dissolved oxygen concentrations in the
water column (Couture et al., 2015; Fang & Stefan, 2009).

The model results suggest that earlier water column ventilation and late-season warming of the hypolimnion
have cascading effects on the biogeochemical dynamics in the sediments. First, increased bottom DO

Figure 9. Change of selected MyLake-Sediment output in the climate warming scenarios, according to the projections
of the climate models for RCP 4.5 and RCP 8.5 and over the period of 2050–2070, relative to average historical values
for the period 1995–2015.
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concentration favors both the degradation of organic matter in the sediment and the oxidation of Fe(II). The
former releases DIP to the porewater, while the latter forms Fe(III) (oxy)hydroxides that sequester DIP. The
model predicts that DIP release exceeds DIP sorption by newly formed Fe (oxy)hydroxides. The net result is
a decrease of the Fe(II) and an increase of the DIP flux from the sediment (Figure 9). Next, phytoplankton
growth and abundance respond to the increasing internal P loading and the warming water temperature
yielding a summer bloom that lasts about 10 days longer by the end of the simulation period (not shown).

3.5. Open Water Scenario
Given the key role of ice cover in controlling water column stability and the biogeochemical dynamics of the
lake, we simulate the response to a complete absence of ice cover. This is done by imposing open water condi-
tions throughout the entire simulation period, hence allowing for enhanced gas exchange and wind-induced
mixing during the otherwise ice-covered time of the year. The integrated P fluxes and inventories for the
open water scenario during the 1995–2015 period, compared to the baseline values, are shown in Figure 7b.

The model results yield averaged vertical diffusivity coefficients that are up to 41% higher without ice than
with ice as a result of the enhanced wind-induced mixing. During the course of year, the durations of stratifi-
cation and hypoxia decrease at first stepwise by about 20% and 50%, respectively (Figure S2), until increasing
temperature gradually reverts the trend causing the extension of the period of stratification. As also seen
for the shorter ice-covered durations in the climate warming scenarios, the complete absence of ice cover
leads to higher dissolved oxygen concentrations in the water column and a 23% rise in the oxygen influx to
the sediment. The more oxygenated water column further results in more P to be deposited at the SWI in
the form of P sorbed to ferric Fe (oxy)hydroxides, and less as POP. The increased efflux of DIP from the sed-
iments in the year-round open water scenario, however, is mostly supported by the faster early diagenetic
mineralization of POP under the more oxic conditions. The enhanced upward vertical mixing of DIP also
increases P export via the lake outflow. That is, overall, the lake's sediments become less efficient at retain-
ing P. Nonetheless, despite the profound reorganization of P cycling in the lake, the complete absence of ice
cover has only a relatively small impact on the phytoplankton biomass (4% decrease).

3.6. External P Reduction Scenario
To further evaluate the role of internal P loading in the biogeochemical functioning of Lake Vansjø, a sim-
ulation is performed where the external loads of all P-containing species are set to zero after 2015, all other
conditions remaining unchanged (Figure S3). The simulation is run until 2195, that is, the 20-year historical
cycle (1995–2015) is repeated 10 times but without any new addition of P to the lake. Thus, all phytoplankton
biomass growth after 2015 is supported by P recycling within the lake-sediment system.

The results indicate that after the external P cutoff internal loading from the sediments provides a long-term
source of P to the water column (Figure S3). Prior to the external P cutoff, the efflux of DIP from the sedi-
ments represents 25–75% of the total P loading to the water column (Figure 8). After the external P cutoff,
it becomes 100% of the total loading. From 2015 onward, the magnitude of the internal DIP loading is pre-
dicted to decay exponentially towards a steady-state where the sediment is depleted in reactive P. Such decay
can be also simulated with a half-life of 229 years according to the best fit equation: F0 · exp(−t∕330), where
F0 is the DIP efflux before the cutoff and t is the number of years after 2015. The long decay period reflects
the slow depletion of the large solid-phase P pools accumulated in the sediment, mainly via DIP produc-
tion by the degradation of POP, P desorption from Fe, and Al mineral phases and dissolution of vivianite
(Figure S3).

The important role of legacy P stored in the sediments is further illustrated by conducting the same simula-
tion but with the sediment module turned off (Figure S3, panel 3). In the absence of internal DIP loading,
the lake's temporal response to the external P cutoff is instead driven by the water residence time. The deple-
tion of water column DIP can be approximated by the following fitted curve: P0 · exp(−t∕3𝜏), where P0 is
the concentration of DIP before the cutoff and 𝜏 is the hydraulic residence time (0.85 years). The Factor 3
in the denominator of the exponent indicates that the decay of the DIP concentration is slower than that
expected for an unreactive tracer, because the biological cycling of P in the water column increases the resi-
dence time of DIP. That is, nine hydraulic residence times are needed to flush out 95% of DIP. Thus, overall,
internal DIP loading extends the response time scale of Lake Vansjø with respect to the cessation of external
P loading by more than 2 orders of magnitude relative to the no-sediment scenario.
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Figure 10. Response of the benthic DIP flux (thin red line), water-column phytoplankton biomass (thick green line),
and sediment Fe inventory (dashed blue line) to the addition of 200 g-Fe·m−2·year−1, starting in 2030 and continuing
until 2050. The shaded areas represent the ranges obtained for the different air temperature projections from the
GFDL, IPSL, and NorESM models shown in Figure S1. Dark- and light-shaded areas represent 68 and 95 confidence
intervals, respectively.

Under the current climate conditions, the modeled DIP concentration time series can be used to derive the
following predictive model emulator of the average annual DIP concentration in the water column of Lake
Vansjø, as a function of the external and internal P loadings:

DIP = 3 · 𝜏 · (Fext + Fsed) − (3 · 𝜏 · (Fext + Fsed) − P0) · exp(−t∕3𝜏), (5)

where DIP is expressed in units of μmol/L and Fext and Fsed are the DIP fluxes to the water column
from the catchment and from the sediments, respectively, both expressed in units of μmol·L−1·year−1. This
lake-specific equation would predict, for instance, that best management practices that would reduce the
external P load by half would decrease the water column DIP concentration by about 20% over a 10-year
period.

3.7. Fe Amendment Scenario
While the majority of management measures and practices focus on reducing external P loads to improve
water quality in lakes, alternative mitigation approaches rely on the addition of reactive materials to the
water column to sequester P in the sediments (Mackay et al., 2014). Because of the strong coupling of the
early diagenetic cycling of P and Fe (Molot et al., 2014; Doolittle et al., 2018; Verschoor et al., 2017), materials
that have been used include salts of ferric Fe (Engstrom, 2005; Orihel et al., 2016; Wilfert et al., 2015), but
also Al (Huser et al., 2016; Schutz et al., 2017) and Ca phases (Gulati et al., 2012), as well as lanthanum clays
(Dithmer et al., 2015).

Here, we simulate the outcomes of a ferric Fe addition to Lake Vansjø. The imposed scenario consists of
yearly additions, from 2030 to 2050, of 200 g/m2 (0.3 mmol/cm2) of Fe(III) added via the lake inlet just
before ice breakup. The resulting 20-year averaged fluxes and inventories of the P cycle during the iron
treatment are compared to the historical 1995–2015 values in Figure 7, while Figure 10 shows the timing and
magnitude of the changes in the DIP efflux from the SWI, phytoplankton biomass, and Fe inventory of the
sediments. Figure 11 further shows the relationship between benthic DIP fluxes and annual Fe loads before,
during and after Fe treatment. The figure illustrates the hysteresis in the internal DIP loading response after
the amendment is terminated in 2050.

During the first 10 years of Fe amendment, the model predicts that the DIP flux from the sediments decreases
by 43% from an average annual value of 1.75 to 1 μmol·cm−2·year−1 (Figure 10). This decline in internal P
loading is due to enhanced P retention in the sediments by Fe(III) (oxy)hydroxide minerals in the upper oxic
layer and by ferrous Fe minerals, such as vivianite, in the deeper anoxic layer (Bostrom et al., 1988; Smol-
ders et al., 2006). The decreased internal P loading in turn results in lower phytoplankton biomass, which
decreases by 30% from 85 to 60 nmol-P/L during the period of amendment (Figure 10). Once the treatment
is terminated (i.e., from 2050 onward), the lake's phytoplankton biomass returns to its pretreatment level
within about 15 years (Figure 10). The imposed Fe treatment and the predicted responses are consistent
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Figure 11. Relationship between the annual benthic flux of DIP from sediment to water column (i.e., the internal P
loading) and the corresponding annual ferric Fe loading to the lake before the iron amendment (2015–2030; circles),
throughout the amendment period (2030–2050; squares) and after the amendment (2050–2070; triangles). Dashed line
and arrows highlight the direction of the hysteresis of the relationship.

with observations reported for 15 actual treatments worldwide (Orihel et al., 2016), in which lakes with low
natural Fe levels show stronger responses than Fe-rich lakes.

The efficiency with which Fe amendments are likely to decrease algal growth depends on the existing Fe
inventory in the sediments, and on whether or not internal loading is a major source of DIP to the water
column. For example, in Lake Simcoe (Ontario, Canada), similar to Lake Vansjø, internal loading supplies
between a third to one half of P to the water column (Loh, 2013). In contrast, the estimated internal loading
in the eastern basin of Lake Erie (Ontario, Canada) only accounts for 3–7% of the total phosphorus load
(Matisoff et al., 2016). In such a case, even if the addition of Fe reduces the internal loading by half, the
overall effect will be insignificant.

Finally, internal P loading has been shown to be naturally suppressed in lakes with sediments containing
high concentrations of Al (Kopácek et al., 2005; Ostrofsky, 2019; Lake et al., 2007). Additions of Al have
been used as a lake remediation measure, and studies of Al-treated lakes show that Al enhances P sorption
in sediments and prevent P release to the water column even if the reductive dissolution of Fe(III) minerals
occurs (Huser et al., 2016). The use of MyLake-Sediment model to simulate a lake's response to Al addition,
however, will require careful modeling of lake and porewater pH in order to capture the pH-dependent P
sorption to Al mineral phases (Reitzel et al., 2013).

4. Concluding Remarks
Internal nutrient recycling from sediments plays a key role in the biogeochemical cycling and biological
productivity of lakes. Here, we present a Lake-Sediment model meant to diagnose the processes driving
internal P loading in lakes and predict how these processes respond to changes in climate conditions, inputs
from the catchment, and lake restoration measures. The model directly couples the biogeochemical reaction
networks of water column and sediments in order to simulate P exchanges across the SWI. We use the model
to assess the effectiveness of P loading targets and other mitigation strategies aimed at controlling excessive
algal growth in a eutrophic lake. The results clearly illustrate the importance of the accumulated legacy P in
the lake's sediments in controlling the timing and magnitude of the response of internal P loading to external
forcings, including projected changes in air temperature and ice cover, as well as management interventions.

With a strong focus on coupled biogeochemical processes across the SWI, this code can serve as a stepping
stone to generate lake restoration scenarios (Lürling et al., 2016), test hypotheses on the response of algal
biomass to external and internal fluxes of P and Fe (Verschoor et al., 2017), and help with “climate-proofing”
remediation measures, whose effectiveness will likely be modulated by ongoing climate change (Trolle et
al., 2011). To this end, further model development and evaluation avenues should focus on capturing the
temporal (e.g., Amirbahman et al., 2012; Katsev and Dittrich ; 2013) and, in particular, spatial heterogeneity
in sediment P distributions and recycling efficiencies (e.g., Dittrich et al., 2013; Doan et al., 2018; Gudimov
et al., 2015; Matisoff et al., 2017, 2016).
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