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Abstract. Steady-state models for the prediction of P retention coefficient (R) in lakes were
evaluated using data from 93 natural lakes and 119 reservoirs situated in the temperate zone. Most
of the already existing models predicted R relatively successfully in lakes while it was seriously
under-estimated in reservoirs. A statistical analysis indicated the main causes of differences in R
between lakes and reservoirs: (a) distinct relationships between P sedimentation coefficient, depth,
and water residence time; (b) existence of significant inflow–outflow P concentration gradients in
reservoirs. Two new models of different complexity were developed for estimating R in reservoirs:
R ¼ 1:84C0:5

�
1þ 1:84C0:5ð Þ, where C is water residence time (year), was derived from the

Vollenweider/Larsen and Mercier model by adding a calibrated parameter accounting for spatial P
non-homogeneity in the water body, and is applicable for reservoirs but not lakes, and
R ¼ 1� 1:43

�
Pin½ � Pin½ �ð �

1þ C0:5ð ÞÞ0:88, where [Pin] is volume-weighted P concentration in all
inputs to the water body (μg l−1), was obtained by re-calibrating the OECD general equation, and is
generally applicable for both lakes and reservoirs. These optimised models yield unbiased estimates
over a large range of reservoir types.
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1. Introduction

Phosphorus retention in lakes and reservoirs is usually described according to
Dillon and Rigler (1974) by the retention coefficient (R) which is defined as the
fraction of the external P loading retained within the water body. This retention
concept is a key element of the steady steady-state, mass-balance models that
have been elaborated and widely used since the 1960s for predicting nutrient
concentrations and trophic state in water bodies (e.g., Chapra, 1975; Larsen &
Mercier, 1976; Nürnberg, 1984; Nürnberg & LaZerte, 2004; OECD, 1982;
Prairie, 1989; Vollenweider, 1969; Vollenweider, 1976).

The need to provide catchment-scale nutrient retention estimates as part of the
catchment modelling efforts of the EUROHARP project http://www.euroharp.org)
gave us the idea to evaluate this type of models with a data set consisting not only
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predominantly of lakes as in most previous studies, but also including a
representative subset of reservoirs. Our preliminary studies showed that the
majority of the classic models predict P retention in lakes relatively well, while P
retention in reservoirs was significantly under-predicted. Hence we investigated
the cause of the different behaviour of reservoirs and re-analysed relationships
between the nutrient retention coefficient and the basic hydrological and
morphological variables used in the models. The aim of this paper is to discuss
differences between P retention in lakes and in reservoirs and to suggest how to
optimise phosphorus retention models for reservoirs.

2. Materials and Methods

The database of phosphorus retention coefficients (available on request) consisted
of 119 records for reservoirs and 93 records for lakes. The majority of the data
originated from Europe and North America. Only water bodies with positive P
retention were included in the database. Negative P retention (i.e., net release) was
considered as a contradicting signal for the steady-state conditions assumed in this
modelling approach and such data were therefore not considered.

P retention data were evaluated according to two basic approaches used in the
classic steady-state P models of the 1960s and 1970s. In the first approach the P
balance is solved assuming concentration-related P losses (Vollenweider, 1969),
and retention coefficient R is calculated as:

R ¼ �C

�Cþ 1
ð1Þ

where σ is P sedimentation coefficient (year−1) and Cτ is water residence time
(year). In the second approach, the P balance is based on the areal P loading
(Chapra, 1975; Vollenweider, 1975) and R is given as:

R ¼ v

vþ qw
ð2Þ

where v is P apparent settling velocity (m year−1) and qw is areal water load
(m year−1).

R, σ, and v were calculated from the measured data on volume-weighted
inflow ([Pin]) and outflow ([Po]) concentrations, Cτ, and mean depth (z) according
to Chapra (1975) and Vollenweider (1975).

The evaluation of retention data from lakes and reservoirs included (a)
correlation analysis among logarithmically transformed data on latitude, hydro-
logical variables, depth, P concentrations, and R for the whole data set and for the
subsets of lakes and reservoirs; (b) testing of the significance of selected
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relationships by regression analysis; and (c) parameter optimisation of selected
functions with the Solver (MS Excel).

3. Results and Discussions

3.1. CHARACTERISTICS OF LAKE AND RESERVOIR SUBSETS

Our data set for P retention covered wide ranges of geographical, morphological,
hydrological, and P loading conditions. Significant differences existed between
the lake and reservoir subsets (Table I). Geographically, reservoirs were generally
located on lower latitudes than lakes. Mean depth distribution was similar for both
types of water bodies, except for the deepest category (>50 m) in which there
were hardly any reservoirs. Water residence time was markedly shorter and water
load higher in reservoirs than in lakes, which is in concordance with general trend
(Straškraba, Tundisi, & Duncan, 1993). The P concentrations in the input were
higher in reservoirs, apparently because reservoirs have often been built in
densely populated and intensively used catchments. The P sedimentation
coefficients σ and v were higher in reservoirs.

The results of a correlation analysis of the P retention characteristics and their
potential explanatory variables can be summarised like this:

(a) Geographical location was non-significant for P retention both in lakes and
reservoirs.

(b) [Pin] was positively correlated with the P retention characteristics (R: P<
0.001; σ: P<0.001; v:P<0.05), but only for reservoirs. The non-existence of
this type of correlations for lakes was caused by a group of lakes in our data
set with high [Pin] but very small P retention (Figure 1a). Most lakes from this
group belonged to a type of lakes with high internal P loading like the lakes
Norrviken, Geneva, and Hylke (Sas, 1989). The dependence of P retention on
[Pin] has been recognised and used in P retention modelling in lakes and
reservoirs since the beginning of 1980s (Frisk, Niemi, & Kinnunen, 1980;
Kennedy, 1999; OECD, 1982).

(c) Strong inter-relationship existed among z, Cτ, and σ, which can be seen by
comparing Figures 1b-d. This fact opens the opportunity for modelling P
retention in alternative ways provided that these inter-correlations are
correctly described. For example, we can mention two different functional
dependences in the classic models. First, the models derived from Equation
(2) (Chapra, 1975; Vollenweider, 1975) include the hyperbolic relationship of
σ on 1

z that can be seen also in the scatter plot in Figure 1c. Second, the model
of Larsen and Mercier (1976) and Vollenweider (1976) is derived from
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Equation (1) by substitution of σ by its dependence on Cτ, i.e., � ¼ 1ffiffi
τ

p , to give
the formulation of retention coefficient:

R ¼
ffiffiffi
τ

p
1þ ffiffiffi

τ
p : ð3Þ

Interestingly, our lake subset of P retention data gave almost exactly the
same parameters for the relationship between Cτand σ (i.e., σ=0.83Cτ−0.49;
Figure 1b) as in the original paper of Mercier and Larsen (1976) (cf.
relationship (7): σ=0.761Cτ−0.472).

(d) The relationships between z, Cτ, and σ (P<0.05) differed significantly in
parameters between the lake and reservoir subsets (Figure 1b-d), and we
consider these differences as the key point for explaining the difference in P
retention between lakes and reservoirs. The differences in P retention seem to
derive from the different relationships between Cτand z in lakes and reservoirs
(Figure 1d). Water residence time is on average 3.3–4 times longer in lakes
than in reservoirs with similar depth (as calculated for the range of depth
between 1 and 100 m with the regression equations in Figure 1d). This
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Figure 1. Selected relationships between P sedimentation coefficient (σ), input P concentration
[Pin], water residence time C, and mean depth (z) for lake (open triangles and dashed line) and
reservoir (full circles and full line) subsets. Regression equations contain standard error of parameter
estimates in parenthesis.
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difference can have limnological consequences with implications also for P-
retention. Higher flow at a similar depth in reservoirs implies that reservoirs
have less stable as well as shorter periods of thermal stratification, which can
be further augmented by the fact that outlets of reservoirs are often located
near the bottom. Higher inflow and less stable stratification means that more
dissolved oxygen is available at the water-sediment interface in the
hypolimnion of reservoirs than in lakes, and thus sediments in reservoirs
are on average more oxygenated and consequently have larger capacity for P-
binding and are less prone to P release than sediments in lakes.

3.2. EVALUATION OF MODELS

A comparison of R measured and predicted by representatives of various types of
models from the literature is presented in Table II. A relatively high error of
prediction can be seen with all models, which conforms to the scatter within the
data set. The classic models I to V slightly over-predicted P-retention in lakes (on
average by 8%–18%) except for the model of Prairie (1989) that gave a lower
mean value (−9%). P-retention in reservoirs was significantly underestimated (by
9%–36%), except for the model OECD (1982) that gave higher results (+11%).
The models based on the dependence of σ as a function of τ−0.5 (i.e., models I and
III) showed lower absolute mean error (AME) for both lakes and reservoirs if
compared with the models that use the negative hyperbolic dependence of σ on
depth (i.e., � ¼ v

z ; models II, IV, and V). A relatively small difference in results
for lakes and reservoirs and a low prediction error had model III (i.e., the general
equation of OECD, 1982). This model includes also the dependence of P-
retention on [Pin], which apparently compensated the differences between lakes
and reservoirs in the relationships among σ, Cτ, and z. This small comparison of

TABLE II

Average measured R (Rmeas) and differences between averages of predicted R (Rmodel) and Rmeas with
absolute mean error of individual predictions in parenthesis for all data and for subsets of lakes and
reservoirs using models I to V+

Data set
Rmeas×
100

(Rmodel−Rmeas)×100

I II III IV V VI VII

all data 45 −6(18) −5(21) 7(17) 1(21) −10(20) 7(19) 0(16)
lakes 46 3(15) 7(20) 8(17) 6(19) −4(17) 16(21) 4(16)
reservoirs 45 −14(21) −15(22) 5(18) −4(23) −16(23) 0(18) −4(17)
+, I: R ¼ C0:5

�
1þ C0:5ð Þ (Larsen & Mercier, 1976; Vollenweiver, 1976 ); II: R ¼ 16= 16þ qwð Þ

(Chapra, 1975); III: R=1–1.55/[Pin]([Pin]/(1+C
0.5))0.82 (OECD, 1982); IV: R ¼ 15= 18þ qwð Þ (Nürnberg,

1984); V: R ¼ 0:25þ 0:18Cð Þ= 1þ 0:18Cð Þ (Prairie, 1989); VI: R ¼ 1:84C0:5
�
1þ 1:84C0:5ð Þ:

1þ 1:84C0:5ð Þ (this study); VII: R=1–1.43/[Pin]([Pin]/(1+Cτ0.5))0.88 (this study).
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diverse types of models indicated that (a) P-retention in reservoirs has to be
predicted by differently parametrised models in comparison with models for lakes
if these models are based only on hydrological and morphological variables (i.e.,
Cτand z) and (b) a general model for both lakes and reservoirs must include other
variables like inflow P concentration.

These results described above encouraged us to proceed in selecting and
calibrating the best suitable P-retention models for our dataset in two ways.

Firstly, we developed a simple model for reservoirs only. For this purpose we
adjusted the Vollenweider/Larsen–Mercier model, i.e., Equation (3), to fit the
dependence of σ on Cτaccording to Figure 1b in the form of

R ¼ a
ffiffiffi
τ

p
1þ a

ffiffiffi
τ

p : ð4Þ

The optimised value of coefficient a for the reservoir subset was 1.84, and lied
within the confidence interval of the regression equation in Figure 1b. Compared
with the classic models, this model gave the lowest prediction error (Table II).
However, it is clear that it cannot be used in lakes because of highly over-
estimated retention results.

Secondly, in order to set up a general model for both lakes and reservoirs in
our entire dataset we optimised parameters of the OECD model (OECD, 1982):

R ¼ 1� a

Pin½ �
Pin½ �

1þ ffiffiffi
τ

p
� �b

: ð5Þ

The optimised values for parameters a and b were 1.43 and 0.88, respectively.
This model only slightly over-predicted or under-predicted the average values of
R in lakes or reservoirs, respectively (model VII in Table II). The prediction error
was for reservoirs the best of all the tested models and for lakes differed only by
0.01 from that obtained with the Vollenweider/Larsen–Mercier model.

4. Conclusions

We can conclude with a general statement as in similar studies before that simple
empirical P retention models can be useful management and research tools if the
limitations of the models are recognised. The P retention models for reservoirs
were developed in this study from data covering a broad geographic area and a
wide range of limnological conditions. The developed models should be applied
with caution, however, to water bodies not being in steady-state conditions. The
models probably will work equally well throughout the whole temperate region,
but they should be tested before being used in other areas of the world.
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