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Sammendrag
En enkel fremgangsmåte for å anslå intern 
fosforbelastning i grunne innsjøer. Fosfor­
konsentrasjon i en grunn innsjø gjennom 
to somre har blitt estimert ved å bruke 
tilførselsdata for nedbørfeltet. Metoden 
er enkel og er ment å være illustrativ. Dif­
feransen mellom målte og simulerte 
fosforkonsentrasjoner ble antatt å skyldes 
intern fosforbelastning. Metoden kan 
være anvendbar for å angi et grovt esti­
mat for grunne innsjøer, særlig om man 
har få data og direkte målinger av intern 
fosforbelastning ikke er tilgjengelig. 
Artikkelen er basert på et foredrag holdt 
på den 31. kongress til den Internasjonale 
Forening for Limnologi, Cape Town 2010.

Summary
Phosphorus concentrations in a shallow 
lake during two summers were estimated 
by using catchment input data. The 
approach is straightforward and simple. 

The difference between measured and 
simulated phosphorus concentrations 
was assumed to be due to internal phos­
phorus loading. The method may be 
applic able to give a rough estimate in 
shallow lakes, especially where few data 
are available and direct measurements of 
internal phosphorus loading are lacking. 
The paper is based on an oral presenta­
tion given at the 31st Congress of the 
International Society of Limnology, Cape 
Town 2010. 

Introduction
The classic explanatory model for inter­
nal phosphorus loading is phosphorus 
release from lake sediments (Einsele, 
1936; Mortimer, 1942). Stratified lakes 
with anoxic sediments, and possibly 
anoxic hypolimnetic waters, tend to con­
form to that, with diffusion considered to 
be the most important mechanism for 
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sediment­water exchange (Håkanson and 
Jansson, 1983; Bostrøm et al., 1988). In 
shallow lakes, however, factors like high 
pH, anaerobic conditions, bioturbation 
and wind turbulence with resuspension, 
can affect the internal phosphorus load­
ing (Boström at al., 1988; Koski­Vähälä 
and Hartikainen, 2001; Grøterud and 
Haaland, 2007).

The objective of this paper has been to 
show the application of a simple method 
for estimating internal phosphorus load­
ing in shallow lakes during summer. 
This might for many be a relevant task 
along the process of implementing the 
European Water Framework Directive in 
Norway (EC, 2000). The phosphorus 
concentrations in the lake were predicted 
based solely on catchment data, even if 
the latter data are somewhat uncertain 
(as often might be the case). The discre­
pancy between measured data (in the 
lake) versus the simulated data (based on 
catchment input), provides a simple 
approach for estimating the internal 
phosphorus loadings. 

Materials and methods
Study site
Lake Østensjøvannet is used as an exam­
ple. The lake has been previously descri­
bed by Grøterud and Haaland (2007) and 

is situated in a rural area, approximately 
30 km south of Oslo, Norway. Arable 
land comprises about 50 % of the catch­
ment. The main sources of phosphorus 
loads to the lake are point sources from 
urban areas and diffuse sources from 
agricultural activities. The lake is shallow 
and is generally well mixed during the 
ice­free season, with high levels of nutri­
ents. The water quality is characterised by 
high pH (up to above 10 in June) and 
high primary productivity (up to 6 g C 
m­2 day­1).

Field and laboratory work
Precipitation data were taken from the 
local meteorological station at Ås. Annual 
total water inflow (Qø) and summer 
water inflow (dQø) to the lake, were esti­
mated due to the lack of direct measure­
ments:
I) Inflow measurements to Lake Årun­
gen, given by Grøterud and Rosland 
(1981), together with the ratio between 
the catchment area of Østensjøvannet 
and Årungen (0.28). Årungen is situated 
downstream close to Østensjøvannet. 
These were used to calculate the inflow to 
Østensjøvannet (Qø) in 1977 and 1978. 

II) Runoff measurements from a research 
field in the vicinity of Østensjøvannet 

Table 1. Morphometric and hydrologic values for Lake Østensjøvannet. (Grøterud and 
Haaland 2007).

Ac (km2) Al (Mm2) V (Mm3) zmax (m) zmean (m) zr (%) QN (Mm3) Tw (years)

14 0.34 1.31 7.1 3.9 1.08 6.62 0.2

Ac = catchment area, Al = lake area, V = lake volume, zmax = maximum depth, zmean = mean depth, zr = relative 
depth (88.6 zmax / �A    l), QN = normal inflow per year, Tw = hydraulic retention time (V/QN). 
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catchment during 1984­2004. Measure­
ments for May, June, July and August 
(dQt), together with precipitation data 
(dPrt), provided the following regression 
equation (H. Lundekvam, pers. comm.):

dQt = 0.598dPrt – 112.9

r2 = 0.77, p < 0.0001, n = 21, units = mm

This equation, along with precipitation 
data, was used to estimate the water 
inflow to Østensjøvannet during the two 
summer periods 13th June – 31st August 
(1977) and 6th June – 29th August (1978).

III) Direct measurements from RF during 
1987 (Qø) for testing the relevance of the 
estimations.

The relevance of using both Årungen and 
measurements from a research field to 
estimate the inflow to Østensjøvannet 
1977, 1978 and 1987, was indicated by 
the ratio between precipitation and 
inflow values these years. The mean ratio 
for Årungen in 1977­1978 (QÅ/Pr) and 
RF in 1987 (Qø/Pr) were equal (0.72).

Mean annual total phosphorus con­
centrations in the inflows to Østensjøvan­
net in 1977 and 1978 (TPt) were estimated 
by using the total phosphorus loading on 
the lake (TPL) according to Erlandsen et 

al. (1980), TPt = TPL/Qt. TPL are point 
sources from the urban areas and the 
agricultural activities, and the diffuse 
sources from the scattered dwellings and 
Qt is the annual runoff. We had to use a 
constant concentration (TPt) during the 
research periods, due to the lack of syste­
matic measurements. Other scattered 
measurements, however, indicated relati­
vely small deviations during summer. 

Concentrations of total phosphorus, 
oxygen, pH and temperature in Østen­
sjøvannet were measured with standard 
methods in five depths and seven times 
during June, July and August as descri­
bed by Grøterud and Haaland (2007). 

Results and discussion
Phosphorus concentrations in the 
lake during summer
The development of total phosphorus 
concentrations at 3 m depth in Lake 
Østen sjøvannet, during the two summer 
periods, is shown in table 2. The concen­
trations from 3 m depth have been 
chosen to be representative for the whole 
water body, but also with respect to the 
effect from the sediments. The variations 
in temperature in the vertical strata (from 
top to bottom) was small, and ranged bet­
ween 15 ­ 17° C throughout both sum­
mers (Grøterud and Haaland 2007).

Table 2. Total phosphorus concentrations (µgL-1) in the inflow and in the lake at the 
start and the end of the research periods; 13th June – 31st August (1977), and 6th .June 
– 29st August (1978). Duration is given in days.

Year P in the inflow P at the start P at the end Duration

1977 464 155 781 79

1978 498 226 873 84
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Estimates of internal phosphorous 
loading
If the lake behaves like a mixed reactor, 
with no transformation of a constituent, 
a first order differential equation accord­
ing to Rainy (1967) or Welch (1993) 
could be used to estimate the change in 
concentration of the constituent with 
time as a result of a change in the input 
value. This equation was applied to our 
lake and is given below:

dC/dt = q*Ci /V - q*C/V

And, in its integrated form:
Ct = Ci + (Co - Ci) e –q*t/V 

Ci = concentration in the inflow
C = concentration in the lake
 Co at start, Ct at time t
q = discharge from the lake
V = lake volum

where Ct is the TP concentration after 
time t in summer (after 79 days in 1977 
and 84 days in 1978; table 2). Note: TP 
should not be transformed since it can be 
regarded as a somewhat “conservative” 
substance representing all fractions of P. 
Co is the TP concentration in the lake at 
the start of the two summer periods, 13th 
June – 31st August and 6th June – 29th 
August (155 µg P L­1 and 226 µg P L­1 in 
1977 and 1978, respectively; table 2). Ci 
is the TP input to the lake (464 µg P L­1 
and 498 µg P L­1 in 1977 and 1978, 
respectively; table 2). q is the discharge 
from the lake (6200 m3 day ­1 in 1977 and 
4100 m3 day ­1 in 1978, respectively) and 
V is the lake volume (1310000 m3; table 
1). Internal loading can be calculated as:

Ct int.load = Ct meas. - Ct 

where Ct meas. represents the measured 
concentration after time t (781 µg P L­1 in 
1977 and 873 µg P L­1 in 1978, respect­
ively; table 2). Expressed as an areal internal 
loading (mg P m­2 day­1) the equation is:

Ct int.areal load = (Ct meas. - Ct) V/(A1*t) 

where A1 represents the lake area (340000 m2, 
table 1).

For the given summer values for 1977 and 
1978 for Lake Østensjøvannet, an estimate 
is derived for the total phosphorus con­
centration in the lake at the end of summer 
(Ct) based on external loading (251 µg P 
L–1 for 1977 and 226 µg P L–1 for 1978). 
Thus the contribution of internal loading 
to the concentration in the lake (Ct int.load) 
is 530 µg P L–1 for 1977 and 647 µg P L–1 
for 1978, with respective areal loads (Ct int.

areal load) of 26 and 30 mg P m­2 day ­1.
Some few sensitivity calculations for 

1977 have been done:
A reduction of 10 and 25 % of both q and 
Ci , gives respective areal loads of 27 and 
28 mg P m­2 day ­1. An increase of 25% of 
both q and Ci gives an areal loads of 23 mg 
P m­2 day ­1. An increase of q by 10% with 
an additional reduction by 10 % of Ci, 
would give an estimated areal load of 26 
mg P m­2 day­1. An increase of q by 25 %, 
and an additional reduction of 25 % of Ci, 
would give an estimated areal load of 27 
mg P m­2 day­1. 

Conclusion
We have focused on a simple, unpretent ious 
and easy accessible method for calculations 
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of internal phosphorus loadings in shallow 
lakes. The method is projected where 
direct measurements of internal phospho­
rus loading are absent. We acknowledge 
its uncertainties, but the method seems 
to estimate the level of internal phospho­
rus loading quite well. The calculated 
values were in the same range compared 
to studies from other shallow eutrophic 
lakes (Jensen and Andersen, 1992). 
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