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Abstract
Controlling phosphorus is fundamental to limit the risk of eutrophication of continental aquatic ecosystems. Integrated 
modelling of its concentration in the aquatic continuum requires specific tools for water bodies. However, although simple 
static empirical models and complex biogeochemical models are numerous, there are few relatively simple and flexible mod-
els able to simulate seasonal variations in phosphorus concentrations in water bodies and particularly in reservoirs. In this 
study, the two-layer dynamic model, LakeMab, simulating phosphorus variations in water bodies, was enhanced to consider 
some tributary characteristics and reservoir specificities. It was then applied to the case of a reservoir in western France, 
Lake Bultière. Without any calibration, the modified model reproduced reasonably well seasonal variations in phosphorus 
concentration in the lake. A sensitivity analysis showed the importance of improvements related to reservoir functioning 
(outlet depth, water level fluctuations) and the smaller importance of those related to tributaries (variable concentrations, 
depth of riverine inputs). The model can easily be applied to diverse lentic systems and could be coupled to stream models, 
thereby making it a useful tool for managing water quality in lakes and reservoirs.
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Introduction

From the middle of the twentieth century, the intensive 
use of phosphorus (P) in detergents and as a fertilizer in 
agriculture dramatically increased P input from rural and 
urban areas to aquatic ecosystems (Elser and Bennett 2011; 
Smith 2003; Smith et al. 1999). The resulting phenomenon 
of cultural eutrophication is a major cause of lake ecologi-
cal alterations (Cardoso et al. 2009). Indeed, P is an essen-
tial and often limiting nutrient for algal growth in lakes. Its 
concentration in lake water stimulates primary production 
and the resulting accumulation of organic matter can have 
harmful environmental and socioeconomic impacts such 
as increased water turbidity, anoxia, fish kills, and loss of 
biodiversity. Moreover, excess P favors the proliferation of 
toxic cyanobacteria which represents an additional threat to 
ecosystem functioning and services (Downing et al. 2001; 
Paerl et al. 2011).

The importance of limiting the concentrations of P in 
lakes has been recognized for long (Schindler 1974; Vollen-
weider 1968). The pioneer work of Vollenweider in the early 
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1970s aimed at linking P input from the watershed to lake 
concentration (Vollenweider 1975). The developed models 
were used to estimate the maximal P load from watershed to 
comply with a limit of concentration in lakes. The nutrient 
load depends on land use and can be modified by human 
activities in the watershed, while the concentration in lake 
water determines the impact on the ecosystem. The rela-
tionship between load and concentration is not linear and 
may show complex dynamics because of internal loading as 
a result of biogeochemical interactions between sediments 
and the water column (Carpenter et al. 1999; Søndergaard 
et al. 2003).

The evaluation of the ecological status of water bodies 
in the context of the European Water Framework Directive 
(WFD) implied the definition of P standards for lakes (Euro-
pean Commission 2000). According to the WFD, nutrient 
standards need to be related to the response of aquatic com-
munities (fish, invertebrates, macrophytes, phytoplankton, 
and microphytobenthos) to eutrophication. In lakes, robust 
statistical relationships were established between total phos-
phorus (TP) concentration and phytoplankton communities 
which are directly influenced by nutrient availability (Car-
valho et al. 2013; Phillips et al. 2008; Roubeix et al. 2016). 
Thus, P thresholds based on changes in phytoplankton 
composition and cyanobacterial abundance may be used as 
standards for lake management.

The evaluation of ecological status based on such stand-
ards requires a reliable knowledge of P concentration within 
lakes. National monitoring networks such as those set up for 
the implementation of the WFD, generally provide recent 
data for a large number of sites with a common sampling 
protocol. In France, measurements of TP concentration are 
available in a national database for a few hundreds of lakes, 
but they may not be representative of the whole water body 
because of limited sampling frequency and spatial coverage. 
Moreover, only the largest lakes (> 0.5 km2) are considered 
in this survey and they represent only a small fraction of the 
lakes that may undergo eutrophication.

The concentration of P in a lake receiving surface water 
inflows and no significant underground input can be esti-
mated from P concentration in the tributaries and from the 
water discharge to the lake. Water discharge can be obtained 
either directly from gauged hydrometric stations on the trib-
utaries, or using a hydrological model. TP concentration in 
the tributaries may be derived from water quality monitoring 
stations and can be interpolated in time using concentra-
tion-discharge models when the sampling frequency is low 
(Hirsch et al. 2010; Zhang et al. 2016).

Lake models can be divided into static and dynamic types 
(Bryhn and Håkanson 2007). Static models assume that the 
lake is at steady state, i.e., the concentration of P is constant 
at the study time scale. Most of these models are based on 
the hypothesis that lakes are simple well-mixed reactors in 

which P enters via the tributaries and is lost through outflow 
and retention in the bottom sediments. These empirical mod-
els, however, generally estimate annual means of in-lake P 
concentration and do not address seasonal variations (Win-
dolf et al. 1996).

Dynamic models use differential equations, to describe 
the evolution of state variables (e.g., surface P concentra-
tion) under the effect of forcing variables (e.g., varying P 
load from tributaries). They usually require many param-
eters which can be estimated through model calibration. The 
advantage of a dynamic model is to give insight into lake 
functioning and to capture seasonal to daily variations in 
lake P concentration. Such a model can be useful to assess 
the uncertainty associated with a standard sampling proto-
col when time- and space-integrated P concentration needs 
to be estimated for ecosystem evaluation. Moreover, such 
an integrated approach makes it possible to establish a link 
between management targets in lakes and their tributaries.

Among the numerous dynamic lake ecosystem models 
simulating P concentration (Mooij et al. 2010; Janssen et al. 
2015), very few of them are general models designed for 
application to a wide diversity of lakes without tuning or 
calibration. Such models calibrated against data from a wide 
range of lakes are particularly useful for large-scale studies 
on many lakes, or for more local studies where there are 
little environmental data available for lake-specific calibra-
tion. LakeMab is a general P model for lakes which proved 
to perform quite well on an interannual basis in comparison 
with other static or general dynamic models such as PCLake 
(Bryhn and Håkanson 2007; Håkanson and Bryhn 2008; 
Janssen et al. 2019). Originally designed for the modelling 
of radioactive compounds and suspended matter (Håkanson 
2000, 2006), LakeMab distinguishes between a surface and 
a deep layer and their corresponding sediment areas where 
erosion and transport (ET), or accumulation (A) take place, 
respectively. LakeMab was proposed as an alternative to 
static models owing to its flexibility. It includes a simple 
characterization of basin morphology based on a geometric 
approximation (Håkanson 2005; Johansson et al. 2007) and 
the required driving variables are easily accessed (Håkanson 
and Bryhn 2008). Nevertheless, when additional forcing data 
are available, they can be used for a more accurate modeling 
of P. A variable TP concentration in the tributaries derived 
from measurements and/or modeling may be used instead of 
a constant concentration. As lake morphometry has a large 
influence on lake geochemical processes (Håkanson 2005), 
water level fluctuations should also be taken into account, 
especially for reservoirs whose depth and area may vary 
considerably.

The aim of this study is to assess the utility of a rela-
tively simple dynamic model such has LakeMab to describe 
seasonal variations in mean P concentrations in reservoirs. 
LakeMab was tested on a French reservoir (Lake Bultière, 
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Vendée), using flow discharge and P concentration meas-
urements from tributaries and a concentration-discharge 
model to estimate P inputs. Moreover, some modifications 
of the model were proposed to take into account variable P 
concentration and temperature in tributaries and some spe-
cific physical aspects of reservoirs, namely, outlet depth and 
water level fluctuations.

Methods

LakeMab model

General description

LakeMab is a process-based model that quantifies the trans-
port of TP in lakes via inflow by tributaries, outflow, sedi-
mentation, mixing, resuspension, diffusion and retention in 
sediments (Fig. 1). Its structure and equations were com-
pletely described in Håkanson and Bryhn (2008). There are 
four state variables in LakeMab: the mass of TP in the sur-
face layer, in the deep layer, and in two sediment compart-
ments associated with the water layers. The sediment com-
partments are the sediment where erosion and transport take 
place below the surface layer (ET-sediment) and where accu-
mulation take place below the bottom layer (A-sediment). 

This implies that the two water layers are separated verti-
cally on a sedimentological basis by the theoretical wave 
base (Dwb). The model was created with a general descrip-
tion of processes so that it can be easily applied to various 
types of lakes. Model parameters were used without recali-
bration except those concerning the temperature sub-model 
(Ottosson and Abrahamsson 1998), simulating surface and 
bottom water temperatures. To improve its applicability to 
French lakes, the temperature sub-model was modified by 
Prats and Danis (2019) following the work of Kettle et al. 
(2004). The few parameters of the model were estimated 
using satellite and in situ temperature measurements for the 
period 1999–2016 (Prats and Danis 2019). The empirical 
water discharge sub-model of LakeMab (Abrahamsson and 
Håkanson 1998) was not used in this study because dis-
charge data to the lake were already available. Hence, the 
driving variables needed to run the model in its original 
form were: mean TP concentration in tributary, lake area, 
mean depth, continentality, altitude, latitude and annual 
precipitation.

Model developments

Four possibilities to extend the model were tested to improve 
the results. The developments were relatively simple to keep 
the model at a low level of complexity. Nevertheless, they 

Fig. 1   Structure of LakeMab 
and processes: a original model 
for lakes; b developments of the 
model for the case of a dammed 
reservoir. Model state variables 
are represented in rectangles: 
mass of TP in the surface layer 
(Psw), in the deep layer (Pdw), 
in the erosion-transport sedi-
ment (Pet) and in the accumula-
tion sediment (Pa)
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required additional data of TP concentration in tributary and 
lake water level. Two of these developments are related to 
the tributaries: the consideration of variable TP concentra-
tion in the tributaries (C-Q) (1) and the density-dependent 
entrainment of inflows (DDEI) (2). The two others are par-
ticularly relevant for reservoirs: the bottom outlet from the 
deep-water layer (BO) (3) and the consideration of water 
level fluctuations (WLF) (4). The second and the third are 
related to vertical gradients and may be meaningful for 
stratified lakes.

Variable TP concentration in  the  tributaries (C‑Q)  In its 
default setup, LakeMab uses a constant concentration of TP 
in the tributaries. It corresponds to a chemostatic hypothesis 
assuming that concentration and discharge are independent. 
However, the concentration of TP in the tributaries may be 
modulated by the discharge due to dilution or mobilization 
effects. A concentration-discharge model can therefore be 
used to calculate a more realistic TP concentration in waters 
entering the lake. The WRTDS model (weighted regres-
sions on time, discharge, and season, Hirsch et  al. 2010), 
developed to improve statistical estimation of daily concen-
trations and loadings based on discrete water-quality sam-
pling for concentration, was used in this study. Like many 
regression-based models, the WRTDS uses time, discharge 
and season as explanatory variables. WRTDS model was 
calibrated on monthly measurements in lake tributaries and 
applied to derive a concentration corresponding to each dis-
charge level (Fig. 2).

Density‑dependent entrainment of inflows (DDEI)  Inflow is 
directed in LakeMab to the surface layer of the lake. How-
ever, if the lake is stratified, the entering flux may go either 
to the surface or the deep layer according to water density. 
To improve LakeMab, a logistic model of surface water 
temperature (Mohseni et al. 1998) was used to estimate the 

temperature of the tributary water. According to this model 
water temperature Tw is calculated as

where Ta is air temperature and α, β, γ and μ are calibra-
tion parameters. These parameters were calibrated for metro-
politan France using data of the French national temperature 
monitoring network (Prats Rodríguez and Danis 2017) giv-
ing α = 20.86 °C, γ = 0.1968 °C−1, μ = 3.512 °C and,

where altitude is in meters. Water density was estimated 
from modelled temperature using the equation of Markofsky 
and Harleman (1971). The inflow was directed in the model 
towards the water layer having the closest density.

Bottom outlet (BO)  The outflow of surface water from the 
lake surface layer, as is implemented in LakeMab, may not 
be appropriate for reservoirs. Indeed, in many cases, water 
is released from a valve located at the bottom of the dam. 
It is a simple change in the model to make water exit from 
the bottom, but it can have a great influence on overall lake 
water quality (Marcé et al. 2010; Prats et al. 2018). When 
the input from tributaries was directed to the surface layer, 
the excess of water in the surface layer was transferred to the 
deep layer (ESM 1).

Water level fluctuations (WLF)  In a reservoir, water level 
fluctuations (WLF) may be large and frequent. Changes in 
water volume in a reservoir have a direct effect on nutri-
ent concentration. LakeMab does not explicitly account 
for lake level fluctuations but it can be modified to simu-
late TP concentration in varying water level conditions. At 
each time step of simulation, the volume, surface and depth 
parameters are re-estimated using the hypsometric relation-

Tw = � +
� − �

1 + e�(�−Ta)
,

� = 12.71 − 0.0045 ∙ altitude

Fig. 2   TP concentration in 
the tributaries estimated by 
the WRTDS model: varia-
tions simulated for the period 
2006–2015 from daily discharge 
data (left) and relationship to 
discharge over the same period 
(right). The points indicate 
the measurements made at the 
hydrometric station



237Limnology (2020) 21:233–244	

1 3

ships proposed by Johansson et al. (2007). The Hd approach 
assumes that the volume of a lake can be assimilated to a 
pile of disks whose centers are on a same vertical line and 
whose radius decrease with depth following an exponential 
function. The hypsometric parameter Hd determines the 
slope and the convexity of the lake basin. Its values have 
been determined for a set of Swedish lakes according to the 
volume development parameter (Vd) which measures how 
much the volume of a lake differs from the volume of a cone 
with the same area and depth. The Hd approach was shown 
to work well on a set of French lakes with known bathym-
etry (Prats Rodríguez and Danis 2017).

Changes in the surface area modify the depth of the wave 
base (Dwb) and the surface of the sediment compartments. 
This results in a transfer of TP between water layers and 
sediment compartments and in a loss of sediment P near the 
shoreline when the water level drops. The transfers of TP 
induced in the model by WLF are described in detail in the 
electronic-only material (ESM 1).

Time resolution

LakeMab was designed to be used at monthly or weekly 
time resolution (Håkanson and Boulion 2002; Håkanson and 
Bryhn 2008). For the case of Lake Bultière, daily time series 
were available for discharge and WLF. Thus, these data were 
first averaged monthly for simulations at the monthly time 
scale. In a second step, daily data were directly used in the 
model to assess the consequences for the simulations of a 
higher time resolution of input data.

Model implementation

LakeMab was implemented with R (R Core Team 2018) 
using the package ‘deSolve’ (Soetaert et al. 2010). Simula-
tions were performed using the LSODA integration method 
at a time step of 0.01 month, continuously from 2006 to 
2015. The R script of the extended version of LakeMab 
model is available in the Electronic Supplementary Mate-
rial (ESM 2). The model was run with all the developments 
proposed at monthly and daily time scales, and finally, each 
development was withdrawn separately to assess its effect 
on the simulation. The basic configuration of the model is 
an inflow with a constant TP concentration estimated by 
the WRTDS approach (mean on the simulation period) and 
entering the reservoir into the surface layer, a constant water 
level (mean of measured maximal depth) and an outflow 
from the surface layer.

Study area

The extended LakeMab model was tested on a reservoir 
to assess its capacity to simulate variations in mean TP 

concentration over a decade. Lake Bultière was chosen 
from a national lake database because it is quite typical 
for West France reservoirs and because all data concerning 
the lake and its tributaries were available to run the model.

Lake and tributaries description

Lake Bultière is located in the Vendée region, Western 
France (46° 55′ 05″ N, 1° 12′ 30″ W) (Fig. 3). It was cre-
ated in 1994 on the Grande Maine River. It has a surface 
area of 0.6 km2, a mean depth of 8.5 m, and a catchment 
area of 159 km2. It receives a mean discharge of 1.5 m3 
s−1, mostly from the Grande Maine River, with maximum 
values reached during winter. The catchment is character-
ized by a large proportion of intensive agriculture (70%) 
and a moderate urbanization level (7%). The water level of 
the reservoir drops considerably at the end of summer and 
the mean annual amplitude of its fluctuations is about 4 m. 
The reservoir has a poor water quality because of high 
nutrient concentrations. The national lake phytoplankton 
index (Laplace-Treyture and Feret 2016) indicated a poor 
ecological status in 2007 and 2010 and cyanobacterial 
blooms are often observed.

Environmental data

Daily water discharge and TP concentration in the tributar-
ies were obtained from a gauging and water quality station 
representing 83% of the lake catchment area. The total 
water discharge to the lake was estimated by extrapolat-
ing the discharge:surface ratio to the remaining part of 
the watershed. Mean annual precipitation data were pro-
vided by the SAFRAN meteorological model (Système 
d’Analyse Fournissant des Renseignements Adaptés à la 
Nivologie, Vidal et al. 2010). Some measurements of TP 
concentration were completed in the lake in the framework 
of a national survey. The common protocol used in the 
lake network was an integrated sample over the euphotic 
zone (estimated as 2.5 × Secchi disk depth, 1–4 m) and 
another sample at the bottom (1 m above sediment), at 
only one station located above the deepest point of the 
lake (46° 55′ 4.09″ N, 1° 12′ 45.38″ W) and four times a 
year. Samples were collected in three years of the simula-
tion period (2007, 2010, and 2013). These measurements 
were compared with lake mean concentrations simulated 
by the model, after calculation of the TP concentration in 
the euphotic zone from simulated surface and deep-water 
concentration and the measured photic depth. The RMSE 
was used to assess model fit to the 24 data points.
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Results

In the decade 2006–2015, TP concentration in the tributar-
ies was highest during the summer and lowest during the 
winter floods (Figs. 4 and 5). The amplitude of water level 
fluctuations of the reservoir has decreased significantly since 
2012 with a maximum depth remaining above 14 m at the 
end of the summer. Surface and bottom water temperatures 
of the reservoir were generally very close during the winter, 
but surface water became significantly warmer than bottom 
water temperatures during the summer, corresponding to a 
seasonal thermal stratification of the reservoir. The tempera-
tures measured at the sampling station were quite close to 
the values simulated by the model. However, there was a 
slight overestimation of bottom water temperature at summer 

sampling dates in 2010 and 2013. In addition, for the last 
sampling in 2007, the surface and bottom water simulated 
temperatures were still quite different on a monthly time 
scale, while the measurements were almost equal, reflecting 
the vertical mixing of the reservoir. The simulated tempera-
ture in the tributaries was closer to the lake surface tempera-
ture in winter and to deep water temperature in summer. In 
the model, this resulted in the direction of riverine inflow 
towards the surface layer in winter and towards the deep 
layer in summer.

The TP concentration at the bottom was much higher than 
that of the surface (Figs. 4, 5). Concentrations in both lay-
ers became nearly equal during winter mixing. The depth 
of the wave base separating the two layers remained low 
during the simulations (1.1 m < Dwb < 1.5 m), which is why 

Fig. 3   Environmental char-
acteristics of Lake Bultière: 
a map of the lake catchment 
with its tributaries (sources: 
BD ALTI®-IGN, INSEE) and 
location of the hydrometric 
station (triangle); b map of 
Lake Bultière and location of 
the sampling site (circle) near 
the dam
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the average concentration in the water column was close to 
bottom water concentration during the simulation period. 
Surface TP concentration reached a minimum during sum-
mer. Mixing during winter caused TP surface concentration 
to rise. Variations in TP concentration at the bottom were 
characterized by an initial increase at the beginning of the 
year following significant inputs during winter floods, and 
by a peak due to the drop in water level and the consecutive 
refilling of the reservoir at the end of the year. Daily simula-
tions produced higher temporal variability (especially at the 
surface) due to the high variability of discharge and TP con-
centrations in the tributaries. The effect of the drop in water 
level on bottom TP concentration was more pronounced at 
daily resolution (Fig. 5).

Simulated TP concentrations were generally similar to 
in situ measurements, but there were significant differences 
at several dates that can be separated into two types: (1) dif-
ferences between surface and deep values and (2) deviations 
in deep values. For the first type, the simulated surface and 
deep concentrations were different while the measurements 
were similar and at the level of simulated surface values. 
These differences were observed in spring 2007 and 2013 
and in late 2007.

The other type of large differences between simulated 
and measured values could be observed at the end of 2010 
and 2013, at the monthly resolution (Fig. 4). In both years, 
the measured bottom values were well above the simulated 
values, around 200 µg L−1. The highest values were reached 
at the end of 2013, with nearly 1 mg P L−1 during the last 
campaign. At the daily resolution, the simulated peak con-
centration of TP at the bottom matched the measurements 
in 2010 better, and approached them in 2013, although large 
differences (100–500 µg L−1) remained.

These high deviations, especially in 2013, result in a 
rather high RMSE value (around 150 µg L−1) compared 
to the average of the concentration values over the period 
(Fig. 6). The various improvements made to the LakeMab 
model were evaluated by the sequential withdrawal of each 
of them and the resulting increase in RMSE (Fig. 6). Thus, 
variations in TP concentration in tributaries as a function of 
discharge on the one hand and the depth of water entrain-
ment in tributaries as a function of temperature on the other 
hand, appeared to be of little importance for modelling TP 
in Lake Bultière, at daily resolution at least. On the contrary, 
taking into account WLF and especially the outflow of water 
from the bottom of the reservoir considerably improved the 

Fig. 4   Simulation with the 
extended model at monthly time 
resolution. Variables shown are: 
a TP concentration in the res-
ervoir, in the surface and deep 
layer; b TP concentration in 
the tributaries (Cin) and water 
discharge from tributaries (Q); c 
water temperature in the surface 
and deep layers and in the tribu-
taries; and d maximal depth of 
the reservoir, indicating water 
level fluctuations
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Fig. 5   Simulation with the 
extended model at daily time 
resolution. Same variables as 
in Fig. 4

Fig. 6   RMSE for simulations at 
monthly and daily time resolu-
tion with the extended LakeMab 
model and without each of the 
four developments considered 
in this study (C-Q varying 
TP concentration in tributar-
ies related to discharge, DDEI 
density-dependent entrainment 
of inflows, WLF water level 
fluctuations, BO bottom outlet)
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simulations. The model was very sensitive to the position 
of the outlet depth.

Discussion

The modified version of the LakeMab model simulated 
variations in the mean TP concentration in a reservoir on a 
monthly or daily time scale. The concentrations simulated 
in Lake Bultière over the period 2006–2015 were consistent 
in their average level and dynamics with the measurements 
made in the water body. However, there were significant 
differences on several dates. The discrepancy between meas-
ured and simulated values may be explained by measure-
ment uncertainty, extreme weather conditions or model 
failure which could justify some improvements.

While the sampling station located at the deepest point 
near the dam is considered representative of the water body, 
the upstream–downstream spatial heterogeneity of this type 
of elongated reservoir may explain some of the differences 
between the measurements and the simulated mean values 
for the entire water body. Indeed, the chemical composition 
of the water follows a gradient from the tail to the dam, 
wherein the concentration of nutrients tends to decrease as 
water flows through the reservoir and suspended TP sinks 
(Armengol et al. 1999). In addition, surface measurements 
correspond to the euphotic zone whose depth generally 
exceeds the boundary between the two layers in the model 
(Dwb), which may explain why surface measurements are 
slightly higher than the simulated values (Figs. 4, 5).

The comparison of simulations at monthly and daily reso-
lution shows the advantage of using daily frequency data 
with regard to the effect of WLF, although RMSE did not 
vary much between simulations. The gradual variations in 
water level result in a limited effect of data frequency on 
the associated water flows. On the other hand, the use of 
monthly discharge data artificially increased the duration 
of winter floods that were concentrated in time. The early 
increase in discharge with low TP concentration counterbal-
ances the concentration effect linked to the drop in water 
level, which limits the increase in TP at the end of the year 
at monthly resolution. The same effect was visible at daily 

resolution in 2012, when a longer duration of winter floods 
reduced the TP peak associated with WLF.

Considering the simulations at daily resolution, there 
were, at several campaigns, differences between the simu-
lated deep and surface TP concentrations while the meas-
urements between the two depths were very close. These 
differences could be explained by a poor representation in 
the model of the stratification/mixing cycles of the water 
body. The model seemed to overestimate the stratification 
period. However, the simulated temperatures matched the 
measurements quite well (Figs. 4, 5). The second campaign 
of each year was characterized by (1) very different tempera-
ture values between the surface and the bottom water and (2) 
measured TP concentrations that were still very close, unlike 
the simulated values. Thermal stratification could be cor-
rectly modelled, but chemical stratification was anticipated. 
This could be due to an overestimation of TP sedimentation 
from surface to deep water.

The surge in TP concentrations at the end of 2013 sug-
gests the effect of a higher amplitude of WLF. However, the 
drop in reservoir level was no greater than in other years. 
Deep water anoxia stimulating P release from sediment 
could also be an explanation, but similar low O2 levels were 
recorded in the other sampled years (Fig. S1). The previous 
winter was marked by an exceptionally long flood period 
(Figs. 4b, 5b) and there could have been an accumulation of 
TP in the sediments that was released at the end of the year. 
The examination of simulated TP in sediments showed an 
accumulation between winter 2012 and spring 2013, produc-
ing a relatively large stock over the study period (Fig. 7). 
The release of the excess TP by diffusion in the model was 
not sufficient to generate concentrations at the level of those 
measured.

The use of a concentration-discharge model made pos-
sible the estimation of the average annual TP concentration 
in the tributaries, based on the sparse measurements avail-
able in the watershed. This estimate is necessary to perform 
simulations with the basic LakeMab model (Håkanson and 
Bryhn 2008). The inclusion in the model of the variability 
of concentration in tributaries by linking it to discharge did 
not improve the simulations (Fig. 6). This result is surpris-
ing given the magnitude of variations in concentrations in 

Fig. 7   Simulated TP in 
Accumulation sediments over 
the period of study, showing 
P accumulation over the year 
2012 (daily time scale)
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tributaries. But what matters for the non-spatialized model 
is the input of TP. In fact, during most of the year, the TP 
concentration was negatively correlated to discharge, i.e. a 
dilution effect (Figs. 2, 4), which limited the intra-annual 
input variations by a compensating effect. The highest effect 
of C-Q can be seen during the flood periods above 1 m3/s 
when TP concentration in tributaries increased with dis-
charge (Fig. 2). The floods generated a pulse of TP input to 
the lake which had an impact on lake concentration, as can 
be seen at the beginning of 2007 (Figs. 4, 5). The gain of the 
C-Q development of the model would probably appear more 
clearly if more measurements had been done across a wider 
range of hydrological conditions. It may also vary with C-Q 
modalities among lakes. A study of nearly 300 watersheds 
identified three C-Q modalities for TP: (1) a concentration 
that is indifferent to discharge (24% of cases), (2) a concen-
tration that decreases with discharge up to a threshold above 
which it no longer varies (23%) and (3) a concentration that 
is indifferent to discharge up to a threshold above which it 
increases with discharge (29%) (Moatar et al. 2017). The 
WRTDS model used in this study can represent complex 
C-Q relationships and properly capture the variations in TP 
concentration over the simulation period (Hirsch et al. 2010; 
Zhang et al. 2016; Zhang 2018).

Considering the temperature of the tributaries, the effect 
of the DDEI was to direct inputs from the tributaries to the 
surface layer during winter and to the bottom layer dur-
ing summer. The consequences for the simulations are the 
homogenization of the two layers during the winter and 
a significant decrease in TP concentration in the surface 
layer during the summer stratification period (Fig. 4). The 
improvement in simulations is very low considering the 
RMSE, especially at daily resolution (Fig. 6), but the DDEI 
represents a relatively simple development to implement that 
allows a better representation of the effects of seasonal strati-
fication on TP concentrations. It could play a larger role on 
lakes with more pronounced stratification. In addition, the 
consideration of the water entrainment depth is consistent 
with that of the water outlet depth, which corresponds to 
another important development of the model.

The seasonal decrease in water level had an important 
effect on TP concentration, as shown by the sensitivity 
analysis of the model (Fig. 6). It produced a peak in TP 
concentration in the bottom water layer in autumn (Fig. 5). 
The influence of WLF can be assessed during 2007, which 
is marked by a later and less pronounced drop in level than 
in other years and therefore a lower peak of TP. The imple-
mentation of WLF in the model is more complicated than 
the other proposed developments, because each variation 
in water level requires an adjustment of the model struc-
ture, including the thickness and volume of the layers and 
the surfaces of the two sediment compartments (ESM 1). 
These structural adjustments imply TP transfers between 

the compartments of the model. Thus, for example, dur-
ing a drop in level, some of the accumulation sediments 
become erosion-transport sediments that can be resuspended 
in the surface layer. This results in an increase in TP con-
centration in the surface layer, which can be seen at monthly 
resolution (Fig. 4). Another consequence is the increase in 
surface turbidity that can reduce primary production and 
impact reservoir trophic functioning, as discussed by Håkan-
son (2005) for Lake Kinneret and as part of the application 
of the LakeWeb model (Håkanson and Boulion 2002), an 
extension of LakeMab to the lake food web.

The outlet depth appeared to be an essential param-
eter for reservoir modeling. The surface water outlet from 
the surface, as assumed in LakeMab, was not suitable for 
Lake Bultière. Indeed, the dam is equipped with a bottom 
valve through which water is released. When the water 
was extracted from the deep layer, the error produced by 
the model was much reduced (50–80 µg L−1 lower RMSE, 
Fig. 6). The water extraction depth varies with WLF and 
the water layer involved in the model depends on the differ-
ence between the altitude of the valve and that of the wave 
base. In addition, some reservoirs use several valves at dif-
ferent heights to alternate water extraction depths. This is 
a method of managing the water quality in reservoirs and 
downstream rivers, acting on temperature, nutrient concen-
tration and cyanobacteria blooms (Lehman et al. 2009; Palau 
2006; Weber et al. 2017).

Conclusions

The extended LakeMab model can be a useful tool for the 
management of eutrophication in lakes and reservoirs. It 
allows modelling of mean TP concentration at the surface 
and at the bottom and at a monthly or daily time scale. The 
data required to carry out simulations are accessible and 
not numerous, and this enables its application to a large 
number of different water bodies, including reservoirs with 
the developments proposed in this study. The complexity of 
the model can also be adapted according to data availabil-
ity. The model can simply be used to estimate the average 
TP concentration in a water body for the assessment of its 
ecological status. It can also be used to determine the TP 
concentration targets in tributaries to comply with an envi-
ronmental quality threshold in the receiving environment. 
Knowledge of these variations can guide the management 
of dams, to preserve water quality in a reservoir and limit 
cyanobacterial blooms.
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