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ABSTRACT 

Grip, H., 1982. Water chemistry and runoff in forest streams 

at Kloten. Division of Hyd:r>ology, Department of Physical Geography, 

Uppsala University, UNGI Report No. 58, 144 pp. 

ISBN 91-506-0359-0. 

Natural variability of stream water composition and discharge 

was studied in the Kloten area, Central Sweden, by means of 

statistical methods and simulation technique. The effects of 
-1 ' -1 

Urea (155 kgN ha ) and ammonium nitrate (AN, 160 kgN ha ) 

fertilization and clear-cutting were studied by comparing 

treated and reference streams before and after management. 

The concentrations of the chemical constituents and runoff 

were mostly inhomogeneous in space and time and the coef fi

cients of variation were considerable. 

Urea fertilization had a more prolonged nitrogen leaching and 
-2 a total of 750 kgN km compared with AN treated areas 

(500 kgN km- 2 ) . The difference was due to higher nitrate 

leaching. Base cation leaching was larger and pH increased 

after Urea fertilization. pH decreased after AN fertilization. 

-1 Runoff increased 180 mm year after clear-cutting, while no 

significant change was found after fertilization. The immedia

te effect of clear-cutting on stream water chemistry was an 

increase in dissolved organic matter, followed by increased 

leaching of ammonia (lOx), nitrate (9x) and potassium (4.8x). 
-2 The total excess leaching of nitrogen was 1 040 kgN km du-

ring the first three years after clear-cutting. 

A Norwegian hydrochemical model, that explained stream water 

composition, was modified and parameterized (40 parameters) 

for two catchments to analyse differences between them. 



The differences in parameters between the catchments were in

terpreted as differences in slopes close to the drainage net, 

dilution due to different evaporation, differences in standing 

biomass and current annual increment and slightly different 

mineral composition of the soils. pH at high flows could be 

deduced from stand characteristics. 

Additional index words: Element clustering, evapotranspiration, 

impact 

H. Grip, Department of Ecology and Environmental Research, 

SWedish University of AgricultUI'al Sciences, 

S-?50 O? Uppsala, Sweden. 
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P R E F A C F. 

The Kloten project investigated effects of forest fertiliza

tion and clear-cutting on stream water chemistry and biology 

of lakes during 1968 to 1977. To complement the main research 

task a number of speciaJ investigations were also conducted. 

For longer or shorter time periods six limnologists and seven 

hydrologists were involved in the project. 

In the first section of this thesis natural stream water com

position and discharges formed the basis for analysis of the 

effects of forest fertilization and clear-cutting. This app

roach yields relations between the different compounds in 

stream water and the statistical homogeneity in space and 

time, as well as background concentrations and discharges of 

these compounds. The effects of the treatments were then eva-

1 ua.ted as the differences between discharges after treatment 

and background discharges. 

In the second section, the analysis of natural stream water 

composition is developed further by comparing two catchments 

using simulation technique. A Norwegian model explaining con

centrations of the major ions in stream water was modified and 

parameterized. Then the model parameters, the state variables 

and the flows were compared between the catchments. 

Besides the engagement in the Kloten project t:he author was 

also involved in the Swedish Coniferous Forest project and the 

Energy Forestry project. To colleagues and friends in these 

projects I am greatly indepted for continous support and valu

able discussions, without which this thesis had never become 

fulfilled. 

Prof. Erik Eriksson and lately prof. Lars Gottschalk were my 

supervisors at the Division of Hydrology, Uppsala University. 

Gudrun Sunnerstrand made most of the drawings, Assar Lindberg 
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most of the photographical work, while Carina Lindstrom pa

tiently helped me to edit the text. Nigel Rollison corrected 

my English. Colleagues that helped me in each separate section 

of this volume were explicitely acknowledged there. 

Uppsala in October 1982 

Harald Grip 
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S E C T I 0 N 1 

W A T E R C H E M I S T R Y A N D R U N 0 F F 

BEFORE AND A F T E R C L E A R - C U T T I N G 

AND F E R T I L I Z A T I 0 N 
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1 INTRODUCTION 

In the northern boreal coniferous forests the total nitrogen 

pool is considerable. As mineralization rate is low, inorganic 

nitrogen available to plants is, however, normally the limi

ting factor for forest production. The first conclusive expe

riments with nitrogen fertilizers increasing forest growth 

were made by Hesselman (Romell & Malmstrom, 1945). When the 

nitrogen fertilizers in the early 1960's grew cheaper compared 

to other production costs, forest fertilization in commercial 

scale became an economic alternative. In Sweden it was rapidly 
-1 extended to 100 OOO ha year in 1966 and then more slowly to 

-1 about 130 OOO ha year in 1978 (Holmen, 1979). 

The fertilization, mainly applied from the air, was noticed 

and questioned by mass media. In 1968 the Kloten project was 

started to investigate the hydrochemical and biological ef

fects of forest fertilization. Publications from the Hubbard 

Brook investigations in USA (cf. Bormann et al., 1968) inspi

red a similar experimental approach. 

Water chemistry and runoff in streams from small drainage 

areas were monitored and compared before and after forestry 

management, giving the effect of each operation. 

Originally, the Kloten investigation was planned to study only 

the effects of Urea fertilization, but by 1971 ammonium nitra

te (AN) had taken 70 % of the market for forest nitrogen fer

tilizers in Sweden. AN was, therefore, incorporated in the 

study. 

Clear-cutting has long been known to be the most efficient 

cutting method in northern coniferous forests (Hesselmann, 

1917; Soderstrom, 1974), normally giving good conditions for 

forest regeneration. During the 1950's, when the creamed fo

rests from the 1930's and 1940's were clear-cut, the size of 

each object increased (Nilsson, 1974). 
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Experiments in Hubbard Brook (Bormann et al., 1968) showed a 

drastic increase in nutrient leakage after clear-cutting and 

heavy herbicide applications. Enlarged mineralization and nit

rification lead to nitrate and cation leakage and pH decrease 

in the streams. Runoff also increased after clear-cutting. 

Hibbert (1967) summarized increases of up to 450 mm per year 

in stream flow reported from all over the world due to clear

cuttings. 

The Kloten investigation was again expanded in late 1972 to 

incorporate the effects of clear-cutting in the study. 

Only with regard to the AN fertilizations did the project have 

full control over the forestry operations, while in some cases 

the land-owner (Swedish Forest Service), partly changed their 

time-tables to better fit the requirements of the investiga

tions. The investigations were largely conducted on the condi

tions found in forestry, so minor changes and disturbances 

within the drainage areas could not be avoided. 

Besides the research on the effects of different forest treat

ments, the study of natural hydrochemical conditions in small 

streams was chosen as a major task for the project. Despite 

being the reference material to which the hydrochemistry of 

streams from treated drainage areas was to be compared, the 

relative absence of such data in Sweden when the project star

ted was a challenge of its own. 

The objectives of this section are to describe the variability 

of natural stream water chemistry and discharges and then to 

find the effects of clear-cutting and forest fertilization 

with ammonium nitrate and Urea on stream water chemistry. 
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2 THE RESEARCH AREA OF KLOTEN 

The investigation area surrounds the Kloten village (59°54'N, 

15°50'E, Fig. 1.1). The central part is at 250 - 350 m a.s.l., 

while the drainage areas in southeast are at 150 250 m 

a.s.l., partly below the highest marine coast line, which here 

is at 180 - 190 m a.s.l. (Hogbom & Lundqvist, 1930). 

The climate is characterized by long winters and rather high 

precipitation. The precipitation and the runoff were larger 

during the period of investigation than during the period 1931 

- 1960 at Grangesberg (Eriksson, 1980a), 25 km NW of Kloten. 

The winters were milder and the summers colder (Table 1.1) . 

Basic climate elements for the period of investigation is 

shown in Fig. 1.2. 

The central part of the area is situated in the center of a 

large massive of the red and grey, fine grained seroorgenic 

granite of Malingsbo (Hogbom & Lundqvist, 1930). The granite 

in this rounded massive, which is some 25 km in diamter, en

closes portions of more or less assimilated older rocks, espe

cially rhyolitic volcanics (leptites) but also basic rocks as 

diabase, gabbro, diorite and amphibolite. The composition of 

the granite varies but mostly it is very acidic as illustrated 

by a volumetic analysis conducted at Knasten (top map Granges

berg) (Hjelmkvist, 1966): Quartz 47, Microline 35, Oligoclase 

14, Biotite 1, Ore 2 and Accessoires 1 volume per cent resepc

tively. Pegmatite and aplite dikes and veins are often found 

in the granite but the composition of these rocks is about the 

same as that of the granite. In the southeastern part of the 

area bedrock is mainly acid volcanics (Karlsson, 1873). 

The soil consists of glacial till partly covered by fen pit. 

The till consists of unsorted material in grain size varying 

between big boulders and material crushed down to the grain 

size of clay (less than 0.002 mm). 
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Fig. 1.1. Map of the Kloten area. 



Table 1.1. Climatic data for Kloten. 

Long term 1970-77 
meana mean 

Precipitation (mm year-1) 878 927b 

Run off (mm year- 1) 378 443 

Evaporation (mm year- 1) 500 484 

Temperature, mean for the year (oC) 5.0 4.9 

Temperature, mean for January (°C) -6.0 -3.7 

Temperature, mean for July (°C) 16.5 15.3 

Duration of snow-cover (days) 140 

Number of days with frost 170 

Length of the growing season (days) 185 

a)Precipitation, runoff and evaporation for the period 1931-60 
at Grangesberg (25 km NW of Kloten) (Eriksson, 1980a). Tempe
rature for the period 1931-60 (Kommitten for Malarens vatten
vard, 1969). Snow, frost and growing season for 1901-30 (Atlas 
over Sverige, 1953). 

b)Completed by regression on the meteorological network sta
tions Grangesberg and Fagersta. All data corrected according 
to Eriksson (1980b). 
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The predominating content of the till is of local origin and 

composed of boulders and particles of the Malingsbo granite. 

The southern slopes of the hills, however, have a till of a 

little less local character than the nothern slopes, where the 

till uses to be of a real local character. Outcrops are rare. 

The soil material is coarser near the surface than further 

down. The porosity decreases with depth from about 50 % in the 

A2-horizon to less than 40 % in the C-horizon (Lundin, 1979). 

The Kloten area was first colonized by Finnish people, who 

practiced shifting cultivation by burning forested plots. The

se had a population maximum in the early 20th century when 
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Fig. 1.2. Basic climate elements for the period of investiga

tions. Monthly mean temperature for the observa

tions period (broken line) is included in the upper 

graph. The precipitation record is completed by 

regression on the two nearest network stations. 

Kloten had a sawmill, smelting-works and railway. At that time 

there were about 65 small farms within 6 km of the village. 

Manufacturing charcoal dominated the forestry. Now only three 

farms arc loft, and the abandoned farmlands are planted with 

forest. The sawmill, the smelting-works and the railway are 

closed down. 
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Table 1. 2. Areal distribution of the investigated drainage 

areas 

-·- -- ---- - - - - ----·----·-- - -___ , ____ -- - - ----
Total Forest, Mire, Meadow, Lake, 

Drainage basin area, ha % % % % 
------------------- - -·- - -------

No. 5' Norrbacken 231 93.5 6.5 

No. 6, Skvallerbacken 29 100 

No. 9, Saghedsbacken 40 100 

No. 13, Orrtjarnsbacken 13 97.6 2.4 

VN, Vita Ned re 62.7 93.3 2.3 4.4 

BB, Buskbacken 184 90.8 7.9 1.3 

MB, Masbybacken 18.3 100 

SU, Sorbacken Uvre 24.2 93.9 6.1 

SN, Sorbacken Ned re 51.3 94.9 5.1 

No. 19, Masensbacken 74.8 94.6 2.5 2.9 

No. 20' Rifallsbacken 39.6 92.4 7.6 

No. 21, Laxtjarnsbacken 112 99.1 0.9 

No. 22, Svinmossbacken 138.2 98.6 1.4 
-----·-- - ------ - -----~-- ------------- ---- ----------

The whole area is situated within the northern boreal conife

rous region, and the forests are mixed conifers with isolated 

birchs. The tree layer is not homogeneous in any of the stu

died drainage basins, but is varied in a mosaic pattern with 

respect to species and age. This is the result of an earlier 

cultural influence and of a broken relief. 

The investigated areas are forested to more than 90 % and vary 

in size from 0.13 to 2.31 km2 (Table 1.2). The selected drai

nage basins consist of a number of (5 - 50) small more or less 

homogeneous stands considered as units by the land-owner 

(Table 1.3). The lower limit was selected as still giving 
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Table 1.3. The composition of the forests in the investigated 

drainage areas, 1969, before the management phase. 

All data are area weighted means 

Current 
Age distribution of Species Solid annual 

Drain- forested area, % % volume increment 
age )50 years m3 ha-l 
basin <10 10-50 >50 Pine Spruce m3 ha-1 year-1 

No. 5 23 8 69 53 43 243 7.2 

No. 6 100 64 36 173 7.0 

No. 9 100 60 40 208 6.6 

No. 13 19 5 76 40 60 170 5.6 

VN 17 63 20 97 3 111 1.7 

BB 21 30 49 54 46 144 3.8 

MB 32 15 53 36 64 148 4.5 

SU 12 12 76 83 17 139 3.2 

SNb 43 18 38 91 9 153 3.3 

No. 19 17 83 52 48 176 5.7 

No. 20 20 40 40 23 65a 159 5.6 

No. 21 24 26 50 58 42 116 4.9 

No. 22c 20 5 75 71 29 171 5.4 

~ and 12 % birch. 
exclusive SU. 

c exclusive area No. 20. 

nearly perennial streams and the upper by the size of normal 

forestry managements. Data in Tables 1.2 - 1.4, submitted by 

the land owner, are presented as weighted means for each of 

the drainage basins studied. 
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3 MATERIALS AND METHODS 

3.1 EXPERIMENTAL DESIGN 

To investigate impacts of forest fertilization on stream water 

chemistry the same amount of nutrients commonly used in fores

try practises was used. In the case of Urea, stream water che

mistry was monitored in streams draining areas fertilized by 

the Swedish Forest Service in their ordinary programme ( 155 

kgN ha-1 ). The ammonium nitrate (AN) fertilizations were plan

ned and conducted in cooperation with the Swedish Forest Ser

vice. Also in these cases common application rates (160 kgN 

ha-1 ) were used. All fertilizers were applied from the air. 

The impacts of clear-cutting on stream water chemistry were 

also studied by monitoring water chemistry in streams draining 

areas clear-cut by the land owner in their harvesting program

me. In one case (MB, Table 1.4), the clear-cutting was post

poned a few years to avoid interference with the AN-fertiliza

tion. The combined effect of AN-fertilization and clear

cutting of MB will be reported separately (Ramberg, in prep.). 

The hydrochemistry sampling started in the streams BB and VN 

in January 1969 and in the stream MB in October 1970 (cf. 

Fig. 1.1). The central parts of drainage area MB, consisting 

of old Norwegian spruce (Table 1.2), was fertilized with ammo

nium nitrate in May 1972 and was clear-cut in February -

March 1976 (Table 1.4), while the inhomogenous northern parts 

of drainage basin BB were AN-fertilized in June 1974. 

Drainage areas Nos. 5 and 6, having stands with higher pro

duction rate than the other areas (Table 1. 2) , and drainage 

areas Nos. 9 and 13, were fertilized with Urea in May 1972 

(cf. Fig. 1.1). In the streams leaving these basins only one 

or two water quality samples were taken before treatment. 

Whereas six monthly background water samples were available in 
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Table 1. 4. Time and extension of the forestry managements 

studied 

Drainage Management area 
basin Management Date ha % 

No. 5 

No. 6 

No. 9 

No. 13 

Urea-fertilized 1972-06-08 

Urea-fertilized 1972-06-08 

Urea-fertilized 1972-05-30 

Urea-fertilized 1972-05-30 

190 

28 

40 

11 

VNa Referece 

BB 

MB 

MB 

SU 

No. 19 

No. 19 

No. 20 

No. 21 

No. 22 

AN-fertilized 1974-06-11 100 

AN-fertilized 1972-05-30 15 

Clear cut 1976-02-03 9.6 

Urea-fertilized 1972-06-14 4.8 
reference 

Clear cut 1974-02 6.6 

Clear cut 1973-06--74-02 65.4 

Ditched 

Reference 

Clear cut 

Clear cut 

1974-10 

1973-11--74-01 25.3 

1973-08--09 55.9 

82 

97 

100 

88 

54 

82 

52 

20 

13 

87 

23 

40 

a The hydrochemistry was affected by the fertilization of 
Lake Vitalampa during the summer 1973 

b 15 % Urea-fertilized in June 1972 

stream S6, only 20 % of the drainage area was fertilized 

(Table 1.4). When the effects of this had disappeared, stream 

S6 was used instead as a reference. 

The most important reference stream during the whole period of 

investigation was VN. The forest in this basin consists mainly 
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Runoff Legend 
VN Measured BB 

~8 Calculated 
SN (regression) 

No S Calculated from 6 
9 88, Precipitatio 

13 and Temperatur 19 
20 (see text) 
21 
22 

Hvdrochemistry 
References - Measured VN 

BB - Calculated MB 
so 

No20 

UREA No 5 After treatment 
6 Before treatment 9 

Ja 
AN BB 

MB 

Clear- No 19 
cutting 21 

22 
SN 

1 2 3" t 2 3 4 1 2 3' 1 2 3 41 2 3 4 1 2 3 L 1 2 J 4 1 2 3 4 1 2 3 ' 
1969 1970 1971 1972 1973 1974 1975 1976 1977 

Fig. 1.3. Analysed time series. 

of young Scots pine stands (Table 1.2), stands succeeding 

clear-cuts in the 1950's. It is therefore not an ideal refe

rence as effects of the old clear-cutting and the closure of 

the young stands might remain. To expand the reference mate

rial, water samplings were started in stream No. 20 during the 

autumn 1972 (cf. Fig. 1.1). Periods with untreated conditions 

are also available for streams BB and MB. During the autumn 

1972 water samplings were even started in streams from basins 

clear-cut in 1973-74 (Nos. 19, 21, 22 and SN). Of these, only 

SN (15 % of the area) was affected by earlier fertilizations 

(Table 1.4). 

To be able to calculate element discharges, runoff was measu

red in a couple of streams and from these values estimates 

were made for the ungauged ones. 
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The total material reported is shown in Fig. 1.3, where obser

vational periods and treatments are also given. 

3.2 FIELD MEASUREMENTS AND CHEMICAL ANALYSIS 

Runoff was measured by means of 120° Thompson weirs in 9 

streams, of which 5 are reported here (VN, BB, MB, Sli, SN) • 

Svenberg (1970) described the constructions thoroughly. The 

water stage was recorded by Ott X water stage recorders and 

evaluated at 2 hours~ interval. The mean error in the rating 

curves was less than 1 %. The total error in the runoff measu

rements was estimated to 5 %. 

Water samples for chemical analysis were taken in two bottles, 

normally once a month, but after fertilization or clear

cutting the samples were taken more frequently. One bottle was 

preserved with mercury chloride. pH and conductivity were mea

sured immediately at the field station. Further chemical ana

lyses were performed according to Ahl (1972). 

3.3 ANALYSIS OF RUNOFF DATA 

In streams with runoff measurements, gaps in the records of 

daily flows were complemented by linear regression between 

streams. If runoff was not measured, monthly means were calcu

lated from the runoff in stream BB, corrected for differences 

in precipitation and evapotranspiration due to altitude. 

Stations in the national precipitation network that were close 

to Kloten were selected and the increase of precipitation with 

altitude was examined for each month of the year. The precipi

tation corrections to runoff were summed during the winter 

months and released during the spring. 

Tamm (1959) suggested yearly evapotranspiration in Sweden to 

be proportional to yearly air mean temperature. The temperatu

re decreases with altitude and for the Kloten region 0.5°C/ 
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100 m was adopted. After recalculating Tamm's original data, 

considering regional corrections of precipitation data presen

ted by Eriksson (1980b), the decrease in yearly evaporation 

was calculated to 15.4 mm/100 m. This correction was distribu

ted over the summer months, proportional to monthly mean air 

temperature. 

To examine changes in runoff after a clear-cutting, a rela

tionship was established between runoff from an object and a 

reference before treatment. A deviation from this relationship 

after treatment was then regarded as caused by the treatment. 

The runoff in stream MB was described by that in stream BB by 

means of a regressive model of the form: 

a + b QBB ( t) + c cos ( w t + cp ) 1.1 

where QMB is estimated runoff in stream MB, QBB is measured 

one in stream BB, t is time in 10-day units and a, b, c, w and 

cp are parameters. The 10-day mean values were used to avoid 

serial correlation. The cosine-term was incorporated to ac

count for different storage properties of the two drainage 

basins. The period 1972-1974 was used for parameter estimation 

and 1975 to check the model. 

For the period February 1976 to October 1977 when drainage 

area MB was clear-cut, a new time series was generated using 

runoff at BB as driving variable. The difference between obser

ved and calculated values in stream MB was the effect of 

clear-cutting. This effect was applied when estimating runoff 

after clear-cutting of drainage areas Nos. 19, 21 and 22. 

To test whether mean values of runoff data were homogeneous 

regarding time and space, analysis of variance (cf. Yamane, 

1967) was performed using gauged streams, years and months as 

factors. First order interactions were also investigated. The 

analysis of variance table used is shown in Table 1.5. With 
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Table 1.5. Analysis of variance table used to test equalities 

of marginal means and to calculate the variances 

of factors A, B, and C and of interactions AB, AC 
and BC. Number of treatments for factors A, B and 

C are denoted with a , b and c. a , B and Y are de

viations of the marginal means from the grand mean 

and the I's are interactions 

Sum of Degrees of Mean 
squares freedom squares Expected mean squares 

b . c a 
SA a-1 S' d + I 0!2i A a - 1 

a · c b 
SB b-1 S' d + I B2. 

B b - 1 J 

Sc c-1 S' a . b c 
c d + I 'Yk 

c - 1 

SAB (a-l)(b-1) SAB 1 a b 
d + I I I2ij 

(a-1 )(b-1) 

SAC (a-l)(c-1) SAC 1 a c 
d + I I I 2ik 

(a-1) (c-1) 

SBC (b-l)(c-1) SBC 1 b c 
d + I I I2 

(b-1) (c-1) jk 

SE abc-ab-ac-bc+ S' d +a+b+c-1 E 

ST abc - 1 

the null hypothesis "all mean values are equal" and the alter

native hypothesis "not all mean values are equal" the F-ratios 

were formed between individual and residual mean squares. As 

seen from Table 1. 5, all but the residual mean squares are 

biased estimates of the variance (a2 ), and the bias of, cf. 

SA' , is shown by ~· ~ a~ , where a, b and c are the number of 
a - I l 

"treatments" for the factors A, B and C and a; = µ; µ is 

the deviation of the i-th marginal mean from the grand mean. A 
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large bias gives a large F-ratio, and when sufficiently large, 

the null hypothesis was rejected. 

The variances for the factors and interactions (FI) were cal

culated from the mean squares as: 

Var (FI) 1.2 

where SE is the residual mean square. To get a measure of va

riation easier to compare, the coefficients of variation, 

CV (FI) , were then calculated as: 

CV (FI) .J Var (FI) I x ... 1.3 

where x ••. is the grand mean. 

As the null hypothesis was frequently rejected, the marginal 

means were tested pairwise to find which of the treatments 

differed significantly from each other. The null hypothesis 

was then "µi = µj " and the alternative hypothesis "µi f µj ". 

This is a one-tail test because the F-distribution is used. 

The F-value to be compared with the theoretical F for 1 and 

n-a degrees of freedom at a level of significance of a = 5 % 

is: 

{(xi •• - xj •• ) - (µi - µj)}2 ni"nj 
1. 4 

where xi •. 

ted values 

tions in 

treatment 

SE ni+nj 

and xj.. are marginal means and µi and µj are expec

of marginal means. ni and nj are number of observa

each treatment. In this case all n in a specific 

were equal. If the null hypothesis holds, then 
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µ µj and eq. 1.4 reduces to: 

S' E 2 

The test is then: 

3.4 ANALYSIS OF CHEMICAL DATA 

1.5 

1.6 

To account for regional inhomogeneity in mean values the time 

series from streams, where water samples were taken for more 

than one year under untreated conditions, have been complemen

ted using the model: 

n C.A 
l: 1 

i=1 CimB 
1. 7 

where C stands for a concentration of a chemical constituent 

on a monthly basis, y is a specific year, m is a specific 

month, A and B denote two different streams and n the number 

of years with common samples in month m. In this way time se

ries for untreated conditions for the affected periods were 

generated. Using this method five complete reference series 

for the period January 1969 to October 1977 have been con

structed (Fig. 1.3 and Table 1.6). 

For each of the three most complete reference series the cor

relation matrix was calculated using concentrations of chemi

cal constituents and mean runoff on the day of sampling as 

variables. Cluster analysis was performed on these matrices. A 

cluster was formed when the correlation between two variables 
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Table 1. 6. Extension of the hydrochemical reference series 

from January 1969 to December 1977 

Reconstructed time No. of No. of filled 
Stream period obs. in data 

VN Aug. 1973 - June 1974 97 11 

BB July 1974 - Dec. 1977 66 42 

MB Jan. 1969 - Sept. 1970 
May 1972 - Dec. 1977 20 88 

SU Jan. 1969 - March 1972 
Aug. 1972 - Dec. 1973 41 67 

No. 20 Jan. 1969 - Oct. 1972 51 57 

was significant on at least the 95% level and equal in sign 

for at least two streams. 

As also in the case of differences in mean runoff, the refe

rence material of chemical constituents was tested concerning 

-homogeneity of mean values in time and space. Analysis of va

riance was performed using reference streams, years and months 

as factors. The lay-out of the analysis for each element was 

identical to that of the runoff data. 

To analyse the effect of a treatment, the period of change was 

first determined. When suitable reference data were available 

this was done by testing for equality of means and variances 

between reference data and observed data in six months' samp

les, using the t- and F-distributions. The quantitative 

effects were calculated as the differences between observed 

data and reference data. 

When it was not possible to generate reference data, but the 

specific stream was located in the area where reference data 

were available, the mean of the references was used as a refe-

rence. 
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The worst case was when only one sample (in May) was taken 

before the treatment and the stream was located in a different 

region to the references. The complete analysis of effects of 

the forestry treatments was then of lower precision. However, 

knowing the seasonal variation of nitrate and knowing how ex

treme values were correlated to May-values for the reference 

streams, the most probable seasonal variation of nitrate under 

untreated conditions was reconstructed (cf. Fig. 1.8). 

When daily runoff records were available element discharge was 

calculated as the product of runoff and interpolated element 

concentrations. These daily discharges were then added up to 

form monthly totals. If runoff was not measured, discharges 

were calculated as products of element concentrations and 

estimated monthly runoff (cf. Eriksson, E., 1981). 

The concentrations from the reference material were multiplied 

by observed or estimated monthly runoff data to form the refe

rence discharges. As only a part of the drainage areas were 

fertilized or clear-cut (Table 1.4), observed changes in dis

charge were recalculated to give the effect of management for 

the treated area. 
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4 RESULTS 

4.1. RUNOFF 

Mean runoff during the period of investigation (1970-77) ex

ceeded the long-term mean (1931-60) given by Eriksson (1980a) 
-1 by about 60 mm year (Table 1.1). 

On a monthly basis, time variation exceeded space variation by 

ten times, and the variation between years was 50 % less than 

the seasonal variation (Table 1.10, last column). Monthly run

off during 1970-77 was inhomogenous in time and space regar

ding mean values. Stream VN had the largest runoff (466 mm 

20 

~ 
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z 
::0 
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~ 

-

~ 

1970 1971 1972 1973 1974 1975 1976 1977 

"
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z 
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Fig. 1.4. Mean runoff (1 s-l km-2 ) of streams VN, BB, MB, s~ 
and and SN during 1970 - 1977. a) yearly, b) month

ly means. (MB and SN were recalculated to untreated 

conditions after clear-cutting). 
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Table 1.7. Runoff (mm) in stream VN 1970-77. (1 mm month-l 
-1 -2 corresponds to about 0.38 1 s km ) 

Month 

Year J F M A M J J A s 0 N D Sum 

1970 13 10 9 102 165 14 24 18 21 69 85 42 572 

1971 20 32 21 83 37 8 58 35 43 41 70 455 

1972 36 5 8 106 65 22 21 14 42 19 51 86 475 

1973 15 16 37 64 31 2 63 21 5 10 24 28 316 

1974 40 74 29 74 6 2 6 61 100 39 63 497 

1975 39 20 33 100 56 0 8 15 23 2~ 324 

1976 25 8 9 94 49 2 12 10 75 43 ,~35 

1977 36 17 56 92 311 3 32 49 10 43 748 

x 28 23 25 89 90 8 20 21 24 39 48 51 466 

* 48 and 51 were used for Nov and Dec respectively. 

-1 -1 year ) while stream s5 had the smallest (416 mm year ) . The-

se two and VN - SN differed significantly at the 99% level in 

a pairwise test. 

The maximum yearly runoff was recorded in the calender year of 

1977 followed by 1974. The years 1973, 1975 and 1976 were com

paratively dry (Fig. 1. 4a) and differed significantly ( 99 % 

level) from 1977 and 1974. 

The flow regime was characterized by a dominant snow-melt run

off in April - May and a secondary peak in late fall. June had 

the lowest runoff (Fig. 1.4b). However, the regime was unstab

le (Fig. 1.2) and the flood in spring was not always the lar

gest. 

The growing seasons of 1974, 1975 and 1976 were the driest, 

while 1971 and 1972 were the wettest (Table 1.7). Usually the 

investigated streams (Table 1.2) dried up for shorter periods 

* 
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Table 1.8. Mean number of days with zero flow in streams VN, 

BB, MB, S6 and SN during the summers 1970-77 

Year 

Month 1970 1971 1972 1973 1974 1975 1976 1977 Mean 

June 0 0 1.0 7.6 9.8 6.2 1.2 0 4.0 

July 0 0 2.8 5.6 6.6 20.4 13.2 0 6.1 

Aug. 0 0 3.0 3.2 7.8 20.6 20.0 0 6.8 

Sept. 0 0 3.3 7.8 0.4 9.4 8.0 0 3.6 

Sum 0 0 10.1 24.2 24.6 56.6 42.4 0 20.5 

each summer. The frequency of zero flow in five selected 

streams was largest in August (6.8 days) and smallest in Sep

tember (3.6 days) (Table 1.8). During June through September 

1975, 56.6 days had zero flow, while there were no days with

out runoff during 1970, 1971 and 1977 . 

. 2 NATURAL STREAM WATER COMPOSITION 

4.2.1 G e n e r a 1 d e s c r i p t i o n 

In the Kloten area the concentrations of the larger consti

tuents and the conductivity are low (Table 1.9) and typical 

for waters on precambrian bedrock in the northern circumboreal 

zone (cf. Armstrong & Schindler, 1971). The quantitative dist

ribution of the larger constituents on equivalent basis is 
++ + ++ + -- - . -Ca ~ Na > Mg > K and so4 > Cl , while Hco3 only occa-

sionally occurs. The relative dominance of Na+ and the minor 

importance of the ion pair Ca++ and Hco3 - compared to mean 

river waters of the earth reflects the important role of pre

cipitation and its chemical composition on stream water che

mistry compared to weathering and leakage (Ahl, 1968) . There-
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Table 1.9. Mean concentration in a) reference streams (1969-

77), b) 

(1972-76) 

(1972-76) 

SI, the outlet of Lake L. Korslangen 

(cf. Fig. 1.1) and c) the dug Malis well 

KMn04-

pH* NH4-N N03-N Org-N Tot-N P04-P Comb-P Ca Mg Na 504-S Cl Cond con sump Si ~-opt 

µg/I µg/I µg/I µg/l µg/I µg/l mg/I mg/! mg/! mg/! mg/! mg/I µS/cm mg/! mg/I 

a 4.9 31 293 333 11 10 1. 75 0.62 1.94 0.52 3.28 1.74 26.1 45 3.8 0.35 

b 5.4 35 63 200 300 1.60 0.51 1.49 0.59 2.33 1.84 24.3 18 1.3 0.03 

c 6.0 12 198 166 377 11 3.47 0.45 1.01 0.47 2.05 1.42 35.9 2. 7 0.12 

*Calculated from the hydrogen ion concentration 

fore, pH is low also compared with other natural waters of low 

electrolytic content (cf. Table 10 in Armstrong & Schindler, -

1971). 

Stream water chemistry, especially the concentrations of nut

rients, silica and organic and particulate matter are modified 

by lakes (Table 1.9). 

While the total nitrogen content did not change in L. Kors

langen (cf. Fig. 1.1), there was a net mineralization, which 

increased the inorganic nitrogen part of total nitrogen from 

12 to 34 %. The total phosphorus concentration, as well as the 

concentration of P04-P and combined-P (defined as the diffe

rence between total-P and P04-P), decreased by 50 %, giving a 

net accumulation in the sediments. The silica concentration 

decreased for the same reason to one-third, and the concentra

tion of organic matter nearly as much. Although there is a 

particle production in the form of plankton in the lakes, a 

net reduction of particulate matter of 90% took place in L. 

Korslangen. 

Comparisons of water chemistry data from small drainage areas 

without lakes and from larger basins, commonly including lakes 

or other sites with increased biological activity and deposi-
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tion, must be done with caution, at least concerning nitrogen, 

phosphorus, silica and organic and particulate matter. Ahl & 

Oden (1972) gave median concentrations for the big rivers of 
-1 -1 northern Sweden: 300 µgN 1 of total nitrogen, 20 µgP 1 of 

total phosphorus and 21 mg 1-l of organic matter in the form 

of KMno 4-consumption. The inorganic fractions were 25 % for 

nitrogen and 50 % for phosphorus. The River Sirnan (the outlet 

of L. Korslangen) and the rivers of nothern Sweden are rather 

similar except for the total phosphorus, where the Kloten re

gion had considerably lower concentrations. At the inventory 

of a thousand lakes in Sweuen in August 1972, 65 % of northern 
-1 lakes had total phosphorus concentrations less than 10 µg 1 

(Johansson & Karlgren, 1974). The chemical composition of the 

stream water at Kloten seemed to be similar to lake water of 

the inland of northern Sweden, while the lakes in southern and 

middle Sweden had considerably higher concentration of these 

elements (Johansson & Karlgren, 1974). 

4.2.2 N a tu r a 1 clustering of elements 

The concentration and variation in concentration of the dif fe

rent elements in stream water, depend on biological, chemical 

and hydrological processes within the respective drainage 

area. They are, therefore, often positively or negatively cor

related. The interdependance of the different elements and of 

the flow rate on the day of sampling is strong between some 

elements but weak between others (Fig. 1.5). The correlation 

coefficients represented in Fig. 1.5 are means for three refe

rence streams (VN, BB and No. 20) and a cluster was formed 

only when the correlation coefficients were signficant at 95 % 

level in at least two of the streams. A big cluster with so

dium as the central ion dominated. It contained mainly weathe

ring products as silica, calcium and magnesium but also chlo

ride and sulphate. It will therefore be called the "geo" -

cluster. From this cluster there were many negative correla

tions to runoff. A secondary cluster was formed by elements 

with positive correlations to runoff. It consisted of biologi

cally essential elements, released by mineralization, as ammo-
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Fig. 1. 5. Cluster description showing the relations between 

different hydrochemical constituents and their re

lations to runoff. A cluster was formed when the 

correlation between two elements was significant at 

the 95 % level for at least two reference streams 

and equal in sign. Correlation coefficients less 

than 0.4 (one line), 0.4-0.6 (two lines), 0.6-0.8 

(three lines) and greater than 0. 8 (four lines). 

Broken lines denote negative correlations. 
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nium, nitrate and potassium, and will be called the "bio"

cluster. Potassium, being a weathering product, was highly 

correlated to the other larger constitutents in ground water, 

but in stream water this correlation was completely hidden by 

its biological role. 

In the tilly soil and under the prevailing weather conditions 

in the area studied, the recharge areas cover most of the 

catchments (cf. Lundin, 1982). Therefore nearly all water en

tering a catchment will infiltrate into the soil and subse

quently reappear as out-flowing ground water in the outflow 

areas in the vicinity of the drainage net. Depending on local 

hydraulic conductivity and gradient, the out-flowing ground 

water will mostly not appear at the soil surface, but rather 

diverge to lateral flow within the top soil layers. The out

flow areas increase with ground water stage and therefore also 

with runoff. Rain or snow melt water entering the drainage 

area at an outflow area will diverge to lateral flow near the 

soil surface and mix with the out-flowing ground water. In 

this process the elements of the gee-cluster are diluted, 

while the elements of the bio-cluster, with their sources in 

the litter and top soil layers, are washed out, giving higher 

concentrations at high flows. 

The organic nitrogen and organic phosphorus (Comb-P) fractions 

are connected to the gee-cluster in spite of their biological 

origin. They all have similar seasonal variations to each 

other but for different reasons. Decomposition rate is at a 

maximum during the summer giving high concentrations of solub

le organic compounds (cf. also KMno 4-consumption), and at the 

same time the ground water stage is low and the outflow areas 

small and, consequently, the dilution of the elements in the 

gee-cluster is small. Evaporation from the outflow areas acts 

in the same direction. 

The hydrogen ion concentration is positively correlated to 

runoff but negatively to sodium in the gee-cluster. The reason 

for this is probably that the acid surface water in the out

flow areas that penetrates the litter and humus layer but only 
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to a little extent the mineral soil, is to a decreasing extent 

neutralized by ground water the larger the outflow area. This 

is strengthened by the fact that ground water in the Kloten 

area has higher pH (weighted mean = 6.0) than the surface wa

ter in the stream channels (weighted mean = 4. 9, Table 1. 9) 
-1 and therefore, some alkalinity (around 180 meq HC03 1 ) , 

which seldom was found in the streams (cf. Ramberg, 1981). 

Neither the phosphate-ion nor the particulate matter measured 

as optical difference (~-opt) has any significant correlation 

with other elements. It seems therefore possible that the con

centrations of these variables were influenced to a greater 

extent than the others by factors which, in this context, 

could be regarded as stochastic. 

4.2.3 H o m o g e n e i t y in space and time 

The variations in mean values in space and time of the dif fe

rent chemical constituents were normally large and made the 

interpretation of these time series for effect analysis rather 

difficult. The homogeneity in mean values was tested by analy·

sis of variance. 

On the 99 % significance level there were differences in mean 

values between streams, between years and between months for 

all analysed constituents except Comb-P (between streams), 

Tot-P (between streams), and NH 4-N (between months), which all 

had non-significant differences (Table 1.10). 

The differences in mean values due to first order interactions 

were all significant at the 99 % level, except for the inter

action between streams and years for P04-P, Comb-P, Tot-P and 

~-opt, which all were non-significant. The interaction between 

streams and months for P04-P, was significant only at the 95 % 

level (Table 1.10). In conclusion, the reference material was 

inhomogenous with respect to mean values in space and time 

with few exceptions. 
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Table 1.10. The coefficient of variation (CV) for the diffe

rent hydrochemical constituents (and runoff, Q) 

in five reference streams (1), during nine years 

(2), during twelve months (3), and CV for the 

first order interactions (12, 13 and 23), the 

residual (E), the total (T), and the total time 

(2-3). Those within parenthesis were not signifi

cant, those marked * were significant at the 95 % 

level and the rest were significant at the 99 % 

level 

NH4-N N03-N Org-N Tot-N P04-P Comb-P Tot-P Ca Mg Na 

1 3.61 2.06 2.96 . 4.20 3.51 1.75 (0.00) (1.14) 3.41 2.29 1.71 3.41 2.67 1.57 1.98 3.88 1.73 4.70 0.52 

2 3.62 3.71 3.83 1.06 1.12 11.98 6.06 6.53 1.48 1.31 1.27 1.97 0.96 1.72 1.26 1.39 1.07 6.00 2.60 

3 0.93 (0.64) 3.14 1.55 1.20 7.56 4.48 4.65 0.99 0.82 0.68 1.68 0.85 0.47 0.47 1.03 1.22 6.52 3.87 

12 0.63 1.04 0.74 0.32 0.30 (0.57) (0.00) (0.15) 0.32 0.23 0.10 0.34 0.20 0.20 0.19 0.24 0.13 (0.87) 0.21 

13 0.41 0.98 1.23 0.76 0.71 0.75* 1.09 1.20 0.48 0.40 0.27 1.00 0.37 0.27 0.17 0.75 0.32 2.03 0.32" 

23 1.23 1.04 1.76 0.78 0.65 6.60 5.37 3.95 0.50 0.51 0.28 0.73 0.48 0.39 0.28 0.45 0.48 1.69 1.84 

E 0.60 0.74 0.79 0.34 0.30 1.02 2.55 1.07 0.24 0.18 0.09 0.24 0.18 0.09 0.16 0.25 0.10 1.56 0.29 

T 1.01 1.06 1.33 0.68 0.59 3.40 3.50 2.21 0.51 0.41 0.29 0.67 0.41 0.33 0.32 0.56 0.36 2.20 "1.04 

2-3 3.93 3.91 5.26 2.03 1.76 15.62 9.25 8.94 1.85 1.62 1.47 2.69 1.37 1.83 1.37 1.90 1.69 9.02 5.01 

The coefficient of variation (CV) was considerable in space 

and time for all constituents except chloride and conductivi

ty, for which it was unimportant between months. For the first 

order interactions, the CV was mostly unimportant also for the 

elements in the gee-cluster, but considerable for most of the 

other elements (Table 1.10). 

The space variation was larger than the time variation for the 

elements in the gee-cluster except for the air-transported 

chloride (Eriksson, 1959, 1960; Ahl, 1968) and the weakly as

sociated combined phosphorus. In the bio-cluster the time va

riation was larger than the space variation for the inorganic 

nitrogen fractions but not for potassium. In this case potas

sium seems more connected to the elements in the gee-cluster. 

The hydrogen-ion, phosphate phosphorus, total phosphorus and 

particulate matter (LI-opt) had a larger time variation than 
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space variation but conductivity, total nitrogen and permanga

nate consumption had a smaller time variation (Table 1.10). 

As all reference streams are located in the north-western part 

of the area of investigation and very few background data were 

available for the southern part, t-tests were performed on all 

common reference data (from April and May), with the streams 

lumped into three groups. Tests were performed between the 

groups for pH, conductivity, ammonium, nitrate and organic 

nitrogen and total phosphorus. 

Significant differences at the 95 % level were only found bet

ween the streams in the south and those in the north concer

ning conductivity and the concentration of nitrate nitrogen. 

The streams in the south were all close to or below the high

est marine coast line (here at 180 - 190 m a.s.l.) (cf. 

Fig. 1.1) and had higher site quality classes (J.Johansson & 

K. Olofsson, pers. comm.). 

Some groups of constituents were identified as regards seaso

nal variation (Figs. 1.6 and 1.7). The larger constituents 

(except potassium) had maximum concentrations in September or 

October and minimums during the snow-melt runoff in April or 

May. The peak concentrations were delayed compared to the mi

nimum runoff normally occurring in June or July (cf. 

Fig. 1.2). The fast turnover rate of the ground water storage 

during the spring flood seemed to lead to a dilution of the 

elements in the geo-cluster. The gradual increase in the con

centrations was due to evaporation and weathering. Also silica 

had a similar seasonal variation as the other elements in the 

geo-cluster, but its maximum concentration was delayed until 

January or February. 

Dissolved organic matter, organic nitrogen and organic phos

phorus (Fig. 1.6) had, as did the elements in the geo-cluster 

(Fig. 1.7), minimum concentrations during the spring flood but 

maximum concentrations already in June to August during mini

mum runoff. The decomposition rate in the peaty o~tflow areas 
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Fig. 1.7. 
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Fig. 1.8. 

The dependence of the N03-

N maximum concentration in 

the winter before and the 

minimum concentration in 

the summer after on the 

N0 3-N concentration in May 

for the reference series. 

favoured by the high temperature in these months seemed to be 

the reason. 

The elements in the bio-cluster (Figs. 1.6 and 1.7) and phos

phate phosphorus (Fig. 1. 6) had concentration maxima during 

spring and minima during summer and autumn. The ammonium con

centration also had a maximum during October. The pH-value 

(Fig. 1.6) was low during spring and late autumn, when the 

highest runoff takes place. 

The nitrate concentration in May was well described by the 

nitrate maximum concentration, while the summer minimum con

centration seemed fairly constant and independent of the con

centration in May (Fig. 1.8). 

The physical background to this is that during the growing 

season when nitrogen is mineralized the biological demand is 

such that nearly all inorganic nitrogen will be taken up by 

plants. Nitrogen mineralized during the autumn will only part-
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ly be taken up and the rest will leak through the rooting zone 

and into the ground water with a concentration peak appearing 

in stream water during the winter. The concentration in May 

will, therefore, only reflect a dilution of the peak concent

ration that in turn reflects the regional climate in the pre

ceding autumn and winter. 

The nine years of observation (1969-1977) is normally too 

short a period for a trend to be determined. The fluctuations 

of the central elements of the geo-cluster and the conductivi

ty (Figs. 1.9 and 1.10) are all similar with minimum concent

rations in 1971-73 and maximum concentrations 1976. The con

centrations also vary with total runoff being high with low 

runoff and low with high runoff (cf. Table 1.7). Organic nit

rogen and combined phosphorus had similar variations 

(Fig. 1.9). The ammonium and nitrate concentrations showed a 

minimum in 1971 and a maximum in 1973-74. 

pH had a significantly decreasing trend in the Kloten area 

from pH 5.05 in 1969-71 to pH= 4.79 in 1975-77 (Fig. 1.9). 

This is equivalent to a 97 % increase in hydrogen ion concent

ration ((H+t2 - H+tl) I H+tl,t2 ) over 10 years. This increase 

is faster than the mean of 0.15 pH-units in five years repor

ted for non-polluted rivers in Sweden (Air pollution across 

national boundaries, 1971) but of the same order as in 

southern Norway where Gjessing et al. (1976) reported a 99 % 

increase over 10 years. 

4.2.4 L e a c h i n g o f e 1 e m e n t s 

The discharge of dissolved substances depends to a large ex

tent on runoff (cf. Tables 1.7 and 1.12). The maximum and mi

nimum element discharges coincided with that of runoff with a 

maximum in April or May and a minimum in June. The only excep

tion was potassium, which had a minimum discarge in August. 

The coefficient of variation of runoff in time was 5.01. Only 

nitrate, optical difference and the phosphorus fractions sho

wed larger coefficients of variation in time than runoff 
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Table 1.11. The coefficient of variation (CV) for the dis-

charge of the different hydrochemical consti-

tuents in five reference streams ( 1) , during nine 

years ( 2) , during twelve months ( 3) • For further 

explanation cf. Table 10 

NH4-N NOrN Org-N Tot-N P04-P Comb-P Tot-P Ca Mg Na so4-s Cl Cond c~~~~~ Si .o.-opt 

1 3.69 2.44 2.21 3.25 2.81 (0.88) (2.19) 2.64* 2.87 1.90 1.42 2.76 2.26 1.48 1.95 3.04 1.71 4.25 0.52 

2 5.82 3.04 4.13 2.24 2.24 16.22 9.80 9.82 1.96 1.76 2.20 3.47 1.90 3.27 1.97 2.91 1.71 7.88 2.60 

3 4.64 4.57 5.85 3.83 3.95 13.28 9.21 10.34 3.77 3.77 3.81 6.06 3.97 4.15 3.88 4.19 3.56 3.00 3.87 

12 0.86 (0.28) (0.59) (0.37) (0.29) (0.88) (0.00) (0.47) (0.31) 0.30* (0.21) (0.24) (0.26) 0.40 0.31* (0.38) (0.21) (1.19) 0.21 

13 (0.35) 0.93 1.24 1.11 1.03 (0.00) 1.25 1.93 0.39 0.26* 0.29 1.09 0.32 0.26* 0.31* 0.67 0.34 1.30 0.32* 

23 4.05 3.11 3.17 2.09 2.08 11.28 g.04 6.74 2.01 1.89 2.06 2.51 2.03 2.52 1.97 2.37 1.79 3.05 1.84 

E 0.95 1.37 1.17 0.65 0.60 1,39 4.45 1.88 0.45 0.38 0.35 0.69 0.39 0.37 0.38 0.58 0.73 1.48 0.29 

T 2.17 2.04 2.06 1.32 1.29 5.51 6.03 3.89 1.15 1.06 0.32 1.64 1.14 1.32 1. 10 1.38 1.01 2.27 1.04 

2-3 8.48 6.32 7.84 4.90 4.99 23.81 16.21 15.78 4.70 4.57 4.86 7.42 4.85 5.85 4.78 5.63 4.33 8.96 5.01 

(N03-N = 5.26 to Comb-P = 15.62). The coefficients of varia

tion of th,e elements in the gee-cluster were less than half of 

that of runoff (Na = 1. 4 7 to Ca = 1. 85) , while that of the 

hydrogen ion was 3.93 (Table 1.10). 

As regards mean discharges, the different constituents were 

inhomogeneous in space and time at the 99 % significance le

vel. The only exceptions were the phosphorus fractions, which 

showed homogeneity in space (Table 1.11). 

In a fairly homogeneous area with respect to climate and geo

logy differences in runoff from stream to stream should be 

caused mainly by the differences in evaporation 'from the va

rious forest stands concerned (cf. Table 1.2). 

The reference stream VN, with largest runoff, showed the lo

west concentrations of H+, Mg, Na, K, NH4 , so4 , Cl and also 

low Ca concentration, while MB, with the second largest run

off, had the highest concentration of Ca, Na, K, NH4 , Org-N, 

P04 , organic matter (KMno4-consumption) and also high concen

trations of Mg, so4 and Cl. The concentrations of the diffe

rent elements in S~, with the smallest runoff did not differ 
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Table 1.12. Discharges of the mean months with mean 

The discharges are means from three 

areas (VN, BB and S6) and eight years 

errors. 

drainage 

Month 

Jan 0.74 

0.19 

Feb 0.80 

0.36 

Mar 0.39 

0.12 

Apr 1.41 

0.19 

May 2.50 

0.12 

June o. 18 

0.14 

July 0.52 

0.15 

Aug 0.44 

0.15 

Sept 0.35 

0. 12 

Oct 1.00 

0.19 

Nov 1.06 

0.22 

Dec 0.84 

0.14 

Year 10.22 

0.08 

-2 -1 Units in kg km month 

hydrogen ion) 

NH4 - N N03 N Org - N Tot - N P04 - P Corrb - P Ca 

0.19 

0 .03 

0.21 

0 .06 

o. 17 

0.05 

0.59 

0.12 

0.69 

0.21 

0.07 

0.04 

0.23 

0.04 

0.10 

0.05 

o. 17 

0.04 

0.30 

0.05 

0.36 

0.10 

0.34 

0.05 

3.42 

0.02 

0.96 

0.16 

0.62 

0.15 

1.81 

0.40 

3.23 

0.63 

1.68 

0.48 

0.15 

0.11 

0.64 

0.24 

0.21 

0.16 

0.33 

0.15 

0. 79 

0.14 

0.84 

0.15 

1.32 

0.25 

5.24 

0. 85 

3.45 

0. 89 

4.18 

0.10 

13.18 

1.31 

14.32 

2 .65 

2.28 

0. 88 

7 .48 

1 .48 

4.65 

0.94 

3.77 

0.15 

8.69 

1 .39 

6.84 

1.02 

4.65 

1 .09 

5.86 

0. 80 

17 .82 

1.96 

17. 21 

3.11 

2.49 

l.09 

8.46 

1 .65 

5.09 

1.08 

4.47 

0. 91 

9.94 

1.43 

10.52 11.63 

1 .51 1.68 

9.98 11.99 

1.55 1. 88 

12.60 87.74 106.43 

0.09 0.39 0.46 

0.08 

0.18 

0.05 

0 .18 

0.06 + 

0.48 

0.83 + 

1.31 

0.40 

0.09 

0.02 

0.18 

0.07 

0.11 

0.04 

0.18 

0.07 

0.18 

0.08 

0.18 

0.15 

0.18 

0.16 

0. J 8 

1.80 

0.12 

0.23 

0 .11 

50.0 18.9 

1.5 2 .1 

0.17 32.9 13.3 

0.12 6,5 2 .4 

0.29 39.7 15.1 

0.12 1.3 2.5 

0.27 ++ 108.6 43.6 

1 .15 11.1 4 .4 

0.65 109.2 39-.7 

0.21 20. 2 6.5 

0.08 

0 .14 

o. 17 

0.14 

0. 13 

0.14 

0.19 

0.12 

0.59 

0.09 

0.46 

0.14 

0.28 

0.14 

3.30 

0.15 

12.3 4.8 

1.3 2.1 

33.6 12.6 

1.1 2.1 

24.2 9.3 

6. 8 2 .4 

34.8 12.9 

6.5 2 .2 

65.2 22.9 

9. 5 2 .9 

78.6 28.4 

10.4 3.4 

80.6 27.0 

10. 2 3.0 

669.6 248.4 

0.2 2 .8 

(1970-77). 
-2 -1 (eq km month for the 

Na 

56.5 11.1 

1.1 1 .9 

42.6 9.8 

1.1 2.2 

44.4 12.0 

6.3 2 .3 

128.8 48.8 

12 .2 6.2 

125.7 40.1 

21 .9 8.0 

15.8 5.4 

8.5 2 .0 

36.6 6.9 

1. 8 2 .0 

30.8 3. 1 

1.5 2.4 

40.5 6.9 

6.4 2.0 

82.3 17 .9 

11.9 3.0 

92.5 19.4 

12 .3 3.0 

86.4 16.4 

10. 3 2.0 

93. 7 

13.2 

67 .5 

12.9 

70.3 

12 .0 

230. 1 

23.5 

229.3 

40.4 

27.6 

14.6 

71.2 

1 S.O 

51. 7 

13. 9 

70.0 

12. 8 

144.5 

20. 9 

160.2 

20.3 

148.4 

11.5 

782.8 197 .7 1 364.3 

1.0 3.1 1.0 

Cl 

55.6 

8.6 

40. 7 

1.2 

41.6 

6 .6 

121.9 

12.2 

139.1 

29.3 

13.9 

8.1 

26.6 

I. 8 

27 .6 

1.3 

34.5 

6.1 

81.3 

12 .4 

85.9 

12 .3 

79. 7 

9.9 

748.3 

3.5 

KMn04 - Si 

840 127 .4 

153 15.1 

755 90.1 

111 14 .1 

921 89.3 

J 12 12 .2 

2 952 230.2 

342 20.3 

3 144 216.7 

621 35. 8 

326 26.7 

186 16 .6 

1 041 66.8 

115 13.4 

703 56.7 

J 81 14.0 

860 78.4 

161 11.2 

1 726 156.3 

214 20.9 

1 815 178.4 

254 21.3 

1 697 183.9 

222 21.2 

16 782 1 500.9 

18 5.5 

+ Extremely high concentration in 1977 gave ·discharges of 11.5 and 24.5 kg km- 2 respectively, that were not included in mean. 

++ Extrerrely high concentration in 1974 gave a discharge of 24.6 kg km-~that was not included in mean. 
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ficantly (95 %) from that of VN. The only exception was the 

silica concentration which was significantly (99 %) larger in 

S{) than in VN. 

For many constituents the difference in concentrations between 

streams are partly explained by dilution in varying amounts of 

water flowing through the ecosystems. The coefficient of va

riation in space is consequently smaller in the discharge 

(Table 1.11) than in the concentration (Table 1.10) for most 

of the elements. 

Organic nitrogen amounted to more than 80 % of the total nit

rogen loss, and of the inorganic fraction, nearly 80 % was 

N03-N (Table 1.13). While discharged in small amounts, Po4-P 
-2 -1 and Comb.-P (1.8 and 3.3 kg km year respectively) had oc-

-2 -1 casionally large losses (24.5 and 24.6 kg km month respec-

tively). These big discharges were consistent for the whole 

Kloten region and were caused by high concentrations of the 

respective phosphorus fraction in the snow pack in 1974 and 

1977, obviously emanating from atmospheric fall-out. 

Discharges from forested representative basins were reported 

by Andersson-Calles & Eriksson (1979). Magnesium and potassium 

showed very similar discharges in all these areas, including 

Kloten, although climate and geology had a considerable varia

tion between these areas (Table 1.14). Thus, the high calcium 

leaching in Kassjoan reflects some lime in the soil. 

Kloten and Velen are closest to each other and have about the 

same distance to the sea, which is reflected in their higher 

sodium, sulphur and chloride discharges. The sulphur discharge 

in the Kloten region is comparable high (1 360 kg km- 2 
-1 year ) . Oden (1979) reported a discharge of about 1 100 kg 

km- 2 year-l from Lake Vattern, 3 OOO from River Atran, but 

only about 600 kg km- 2 year-l from the far north River Rane. 

The discharge of inorganic nitrogen was as low in the Kloten 

region as in the Lapptrasket area in the far north. 
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Table 1.13. 

Year NH4 - N N03 - N 

1970 7 .2 2.9 13.2 

1971 3.8 1.3 1.0 

1972 9 .2 4.5 8.7 

1973 5.4 3.9 13.3 

1974 21.2 5.6 21.6 

1975 6.4 3.3 14.2 

1976 4.7 1.2 8.3 

1977 23.9 4.6 20.5 

Me.:.n 10 .2 3.4 12.6 

Mean 2.8 error 0.6 2.4 

Mean discharges from three drainage areas (VN, BB 

and S5) during 1970-77. Units in kg km- 2 year - 2 
-2 -1 

(eq km year for the hydrogen ion) 

Org - N Tot - N P04 - P Cont - P Ca Mg Na 504 - s Cl KMn04 - Si 

con sump 

112.2 132.6 0.6 4.3 849 305 886 365 1 530 910 17 OOO 1 690 

92.6 100.0 0.9 2.9 652 262 694 208 1 390 835 13 100 1 680 

85.1 98.6 1.5 1.6 596 226 675 182 1 310 383 16 600 1 430 

80.5 98.3 1.1 2.4 462 181 567 109 1 010 404 14 400 1 140 

101.8 128.2 6.8 (29.1)++ 841 298 1 074 223 1 850 1 022 23 500 1 920 

42.5 63.6 1.1 1.9 466 173 576 116 900 565 10 900 1 050 

67. 1 77 .6 0.9 3.2 609 226 670 124 1 170 607 11 200 1 220 

120.2 152.6 (38.4)+ 7 .0 884 316 1 120 254 1 750 1 262 27 600 1 860 

87. 7 106.4 1.8 3.3 669 248 783 198 1 360 748 16 800 1 500 

8.9 10.5 0.8(4.6) 0.7(3.3) 60 20 77 31 120 110 2 100 120 

+ Not included in mean. Extremely high concentration in March and April gave a discharge of 36.0 kg km-2 

++Not included in mean. Extremely high concentration in Apri 1 gave a discharge of 24.6 kg km-2 
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Table 1.14. Discharges of selected elements from small drai

nage areas around Kloten and from sub-basins 

within three representative basins 

Andersson-Calles 
-1 

& Eriksson, 1979) in kg 

(from 
-2 km 

year 

NH4-N N03-N Ca Mg Na Cl TiJTB period Basin 

Kloten 13 669 248 783 198 1 360 748 1970 - 1977 VN, BB, Sb, No. 20 

Velen 21 28 958 264 840 195 830 1 144 1968 - 1974 NolsjOn 
(S Sweden) 

KassjMn 10 13 2 078 285 414 119 353 222 1969 - 1975 S tyggbergsbacken 
(Mid Sweden) 

LapptrCisket 756 217 416 183 327 196 1969 - 1975 Tjardalsselet, BlB.kOls-
(N Sweden) backen and Solmyren 

4.3 EFFECTS OF FOREST FERTILIZATION 

4.3.1 s h o r t - d a t e d effects on 

concentration 

The concentrations of the different nitrogen fractions increa

sed rapidly after fertilization (Fig. 1.11). When the drainage 

area of stream No. 13 was fertilized with Urea, the concentra-
-1 tion of ammonium-nitrogen increased to more than 4 mgN 1 and 

-1 of organic nitrogen to about 10 mgN 1 The same concentra-

tions were also observed in streams from other areas fertili

zed with Urea (Table 1.15). When the MB drainage area was fer

tilized with ammonium-nitrate the concentration of nitrate

and ammonium-nitrogen in the drainage water increased to more 
-1 than 20 mgN 1 (Fig. 1.11, left). The concentration of orga-

-1 nic nitrogen increased from 0.3 to 6.0 mgN 1 , probably cau-

sed by absorption of ammonium-ions to humus colloids. The am

monium concentration in stream water decreased considerably 

faster than nitrate concentration, confirming the absorption 

of the former. 
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Fig. 1.11. Direct effect of forest fertilization with ammo

nium nitrate in stream MB (left) and with Urea in 

stream No. 13 (right) on different nitrogen com

pounds. 
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Fig. 1.12. 

Theoretical width of the 

leakage zone around streams 

of orders higher than one, 

when total loss of fertili

zers within this zone is 

assumed. Data from drainage 

area MB. 

The high nitrogen concentration in stream water immediately 

after fertilization was caused by fertilizers falling directly 

in the stream channel or at outflow areas adjacent to it. If 

total washing out of fertilizers along the stream channels of 

an order higher than one in the MB drainage area was assumed, 

the width of the leakage zone could be calculated to about 

1.8 m after 20 days (Fig. 1.12). 

Moisture conditions within a catchment are important for sub

sequent leakage after fertilization (Fig. 1.13). The AN-ferti

lization of drainage area BB was preceded by 14 days of warm 

and dry weather. The area was dry and runoff close to zero. 

This resulted in a small peak of short duration in nitrate 

concentration of the stream water. Larger storms with increa

sed runoff did not occur until 25 days after the fertiliza

tion, when the nitrate concentration increased and remained 

high for about a month. 

When the MB drainage area was AN-fertilized the pH in stream 

water decreased immediately from 4. 4 to 4. 0 (Fig. 1.14 and 

Table 1.15) while in stream BB it did not decrease until the 

second maximum in nitrate concentrations 25 days after ferti-
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Table 1.15. The concentration of different nitrogen fractions 

(mgN 1-l) and pH immediately before (1) and the 

measured maximum concentration (2) after fertili

zation 

Drain- NH4-N N03-N Org-N pH 
age Ferti- -----
basin 1 izer 1 2 1 2 1 2 1 c 2 

No. 5 Urea 0.02 1.80 0.08 0.21 0.46 3.34 5.5 6.1 

No. 6 II 0.09 4.77 0.14 0.23 0.22 4.61 5.0 6.0 

No. 9 0.01 5.08 0.02 0.21 0.19 9.04 5.4 6.0 

No. 13 II 0.01 4.38 0.01 0.06 0.25 9.92 4.8 6.1 

MB AN 0.02 22.34 0.01 25.00 0.23 5.96 4.4 4.0 

BB 0.01 0.93 0.01 2.75 0.14 0.66 6.4 5.3 

lization and then from 6.4 to 5.3 (Fig. 1.13 and Table 1.15). 

pH increased· 0 • 6 - 1. 3 units after Urea-fertilization 

(Table 1.15). 

The concentrations in stream water of the larger constitutents 

and of nitrogen changed simultaneously. In stream MB the con

centrations of calcium, magnesium, potassium and sodium in

creased 3.2, 3.0, 15 and 1.4 times respectively (Fig. 1.14). 

Chloride increased slightly while sulfate decreased to a mini

mum of 0. 7 times its initial value after a short increase. 

Almost the opposite applied to the stream water of the Urea

fertilized catchment, No. 13 (Fig. 1.14). Calcium, magnesium 

and sodium concentrations decreased to 0 .13, 0 .11 and 0. 67 

times their initial concentrations while the potassium concen-

. tration increased 4.6 times. The chloride concentration hardly 

changed, while the sulfate concentration increased to as much 

as 1.6 times the initial concentration immediately after the 

fertilization. Those changes, caused by ionic exchanges in the 

soil and stream banks in combination with pH changes, lasted 

20 - 30 days. 
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Fig. 1.14. Direct effect of forest fertilization with ammo

nium nitrate in stream MB (left) and with Urea in 

stream No. 13 (right) on pH and larger consti

tuents. 
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In streams draining Urea fertilized areas the nitrate concent

rations increased during the subsequent few months, reached 

maximum concentrations during the first winter (1972-73), and 

then decreased slowly but were not back to pre-fertilized con

centrations when the measurements stopped during the summer 

1976 (Fig. 1.15). The course was similar in streams Nos. 5, 9 

and 13 whereas stream No. 6 had much higher nitrate concentra

tions during the first two years. The typical situation is 

that the nitrate concentrations increase during winter and 

spring but are close to the background during summer and au

tumn (Fig. 1.15). There were almost linear decreases in the 

winter nitrate concentrations during the observational period. 

If these decreases were extrapolated the normal levels should 

be reached after 4 to 5 years (1977 to 1978). 

After the initial high nitrate concentrations in the streams 

of the AN-fertilized MB (1972) and BB (1974) areas the nitrate 

concentrations decreased rapidly and were again normal after 

two winter seasons (Fig. 1.16). 

The frequency functions of each analyzed constituent changed 

after fertilization. The minimum concentrations were usually 

normal, while the maximum concentrations were increased and, 

consequently, the variances and skewness coefficients were 

also increased (Fig. 1.17) . Therefore a change might not be 

detected by a t-test comparing mean values, but by a F-test 

comparing variances. 

Deviations in six-month means and variances between time se

ries of concentrations from treated streams and their referen

ces were tested by means of t- and F-tests respectively at the 

95 % significance level. Despite the objections concerning 

repeated tests, the result indicated the sign and approximate 

duration of effects (Figs. 1.18 and 1.19). It might also indi

cate where improper reference material was used. It should be 
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Fig. 1.16. N03-N cocentrations in streams MB and BB before 

and after AN-fertilization. For the immediate ef

fects cf. Figs. 1.11 and 1.12. Note the transloca

tion of the MB time axis. 
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Fig. 1.18. t-values when testing differences in means of suc

cessive six-months samples between treated streams 

and their references. 11 0 11 indicates significance 

at the 95 % level. The t-value of a sample is in

dicated the first date in the sample. Vertical 

lines are dates of treatments. 
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Fig. 1.19. F-values when testing differences in variances of 

successive six-months samples between treated 

streams and their references. "O" indicates signi

ficance at the 95 % level. The F-value of a sample 

is indicated the first date in the sample. Verti

cal lines are dates of treatments. 
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noted that a single large deviation in one month may cause 

significant deviations of six consecutive mean values or va

riances. 

Many of the constituents showed cyclical deviations in mean 

values, e.g. pH, N03-N and Ca after Urea fertilization and 

Org-N after AN fertilization (Fig. 1.18) as well as in varian

ce ratios, e.g. Org-N after Urea fertilization and Cl after AN 

fertilization (Fig. 1.19). Some trends were also found, e.g. 

the decreasing seasonal minimum of Org-N after Urea treatment 

and decreasing Mg and Na deviations after AN treatment 

(Fig. 1.18). 

4.3.3 E f f e c t s o n 1 e a c h i n g 

After Urea-fertilization, 2 - 9 % of the fertilizer was lost 

in discharge. The nitrate fraction dominated (Table 1.16). 

After AN-fertilization, 2 and 4 % respectively of the fertili

zer was lost in discharge and also after this treatment, the 

nitrate fraction dominated (Table 1.16). 

The hydrogen ion discharge decreased (mean = -30 % ) in all 

Urea-fertilized streams except so, which had an increase of 

about 9 %. After AN-fertilization the hydrogen ion discharge 

increased by 9 % (Table 1.16). 

Phosphate phosphorus discharge increased by 4 % (Urea) but de

creased by 5 % (AN) while the combined phosphorus discharge 

decreased by 8 % after Urea-fertilization and increased by 

27 % after AN- fertilization (Table 1.16). 

The metal cation discharge increased by 25 % (Na and K) to 

55 % (Mg) after Urea fertilization but was in the range -7 % 

(Na) to 19 % (K) after AN-fertilization (Table 1.16). 

The sulphate ion discharge increased by 19 % (Urea) and 3 % 

(AN) respectively and the chloride discharge increased by 23 % 



Table 1.16. 

No. of 

Total excess leakage -2 (kg km ) 
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from treated areas 

in three to four years following manipulations 

and the weighted relative increase from back

ground (%) 

KMn04-

Stream years H NH4-N N03-N Org-N Tot-N P04-P Comb-P Tot-P Ca Mg Na so4-S Cl consump Si 

Urea fertilized drainage basins 

No. 5 4 -30.8 18 513 

No. 6 

No. 9 

No. 13 

Sb 

-10.5 30 1 187 

-25.3 44 313 

-8.3 188 477 

3.7 17 142 

Mean 4 -14.2 59 526 

910 Increase -30 380 

125 656 0.5 -16.1 -15.6 1 620 620 

99 1 316 1.2 -18.2 -17 .o 1 550 990 

162 519 -4.8 -17 .3 -22.1 910 510 

227 892 4.8 31.0 35.8 840 170 

150 309 0.1 5.8 5,9 270 110 

153 

51 

738 

200 

0.4 -3.0 -2.6 1 040 480 

-8 -6 44 55 

920 

860 

880 

580 

350 

720 

25 

440 830 

1 510 

240 810 

140 820 

80 800 

180 

30 

950 

19 

560 -13 700 760 

980 -22 300 900 

790 -16 200 950 

240 18 900 1 100 

280 20 600 660 

570 -2 500 870 

23 -4 16 

Ammonium nitrate fertilized drainage basins 

BB 

"' 
Mean 

Increase 

3.4 31 

3.1 87 

3.2 59 

510 

Clear-cut drainage basins 

No. 19 -7.8 197 

No. 21 -7.5 115 

No. 22 3 -12.8 6 

SN 3 -19.3 108 

Mean 3 -11.9 107 

Increase -37 990 

307 

224 

266 

500 

273 

48 

161 

69 

611 -1.4 

359 -0.4 

8.2 

7 .2 

6.8 

6.8 

486 -0.9 7 .7 6.8 

170 -5 27 15 

90 -10 -350 

80 50 

40 40 -150 

2 6 -7 

140 

40 

90 

19 

290 -180 -14 100 670 

-50 60 1 600 -190 

120 -60 5 OOO -430 

-3 10 -10 

175 1 109 1 481 21.4 54.4 75.8 2 750 700 2 OOO 3 380 3 590 3 440 153 100 2 900 

368 730 1 213 10.8 26.4 37 .2 1 980 230 1 130 2 430 430 840 48 800 2 740 

33 338 377 10.8 9.3 20.1 810 140 1 140 1 150 1 320 900 44 100 960 

258 721 1 087 10.8 19.1 29.9 -90 -550 -1 360 1 930 -2 690 -260 64 100 -2 480 

209 

460 

724 1 040 13.5 27 .3 40.8 1 360 130 

340 380 150 80 96 72 19 

730 2 220 660 1 230 77 500 1 030 

32 480 17 56 170 25 

after Urea fertilization and decreased by 3 % after AN fertili

zation (Table 1.16). 

The development in time of the leakage after fertilization 

shows a rapid decrease for ammonium. The excess leakage of 

ammonium is concentrated to the first year after fertilization 

(Table 1.17). The leakage of nitrate nitrogen decreased linea

rily from 272 to 34 kg km- 2 during the first four years after 

Urea fertilization, while the decrease was more rapid after AN 

fertilization (from 235 in the first year to 22 kg km- 2 in the 

second) (Table 1.17). The leakage of organic nitrogen decrea

sed faster in Urea than in AN-fertilized streams, the opposi-
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Table 1.17. 

Year NH4-N N03-N 

Mean excess leakage -2 -1 (kg km year ) from treated 

areas in three to four years following manipula

tions. Urea: means of Nos. 5, 6, 9 and 13; AN: 

means of BB and MB, and clear-cuttings: means of 

Nos. 19, 21, 22 and SN. Background mean (1970-77) 

also included (kg km- 2 year-1 ) 

KMn04-

Org-N Tot-N P04-P Comb-P Tot-P Ca Mg Na S04-s Cl consump s l 

Urea fertilized drainage basins 

-3. I 59 272 62 393 0.9 0.9 310 130 210 60 280 280 -800 290 

-5.9 10 194 33 237 0.6 -8.9 -8.3 310 160 240 70 190 170 -I 200 180 

-7 .8 123 44 168 2.5 2.5 440 210 270 70 390 130 -4 500 240 

-1.8 34 15 49 -0. I 0.2 0.1 170 70 90 10 130 70 -I 700 220 

Sum -18.6 70 623 154 847 0.5 -5.3 -4.8 1 230 570 810 210 990 650 -8 200 930 

Ammonium nitrate ferti I ized drainage basins 

1.8 55 235 74 364 -0.7 2.4 1.7 20 10 -120 70 -80 8 800 -370 

0.8 22 76 102 -0.2 4.4 4.2 20 30 10 10 160 -80 -3 500 -250 

0.6 11 20 0.9 0.9 -30 20 -70 10 180 -40 4 500 -350 

Sum 3.2 59 266 161 486 -0.9 7 .7 6.8 10 60 -180 90 340 -200 9 800 -970 

Clear-cut drainage basins 

-6.1 29 248 281 8.5 3.8 12.3 370 30 310 690 330 420 30 500 450 

-G.!J 53 61 230 344 3.6 14.8 18.4 480 40 150 I OOO 280 460 32 900 80 

0.7 25 144 246 415 1.4 8.7 10.1 510 60 270 530 50 350 14 100 500 

Sum -11.9 107 209 724 1 040 13.5 27 .3 40.8 I 360 130 730 2 220 660 1 230 77 500 1 030 

Background 
mean 10.2 3.4 12.6 87.7 106.4 1.8 3.3 5.1 669 248 783 198 1 360 748 16 800 1 500 

te applying to potassium. The decrease in hydrogen ion outflow 

after Urea fertilization was largest three years after manage

ment, while the increased outflow after AN fertilization was 

largest in the first year (Table 1.17). 
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4.4 EFFECTS OF CLEAR-CUTTING 

4.4.1 E f f e c t s on r u n o f f 

Runof f from drainage area MB was calculated by means of runof f 

at BB using eq. 1.1. The equation explained 94 % of the va

riance and the mean value was 3 % too high when tested on the 

independent year 1975. 

When observed runoff-values after the clear-cutting of MB 

(Table 1.4) were compared with calculated runoff, an increase 

in winter (Nov.- May) of 19 mm and an increase in summer (June 

- Oct.) of 74 mm was found during the first one and a half 

years. If the discrepancy was entirely caused by the clear

cutting, the effect of a complete deforestation would be an 

increase of 37 mm during winter and 142 mm during summer. 

The absolute deviation between clear-cut and forested runoff 

data increased during the summer to a maximum in August 

September, whereafter it again decreased (Fig. 1.20), thus 

following the evaporation pattern (Eriksson, B., 1981). 

After clear-cutting snow melted faster. Although no phase 

shift was found between calculated and measured runoff during 

the snow-melt in 1977, the measured (clear-cut) runof f was 
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runof f for stream MB du

ring the summers 1976 and 

1977. 
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larger during the first part of the period and smaller during 

the last part (Fig. 1.21). The total volume of snow-melt run

off was 44 mm larger after clear-cutting, so there was actual

ly a 7 mm decrease in runoff during the rest of the winter 

season. 

4.4.2 E f f e c t s on concentrations 

During the first few months after clear-cutting the leakage of 

dissolved organic matter, particulate matter and ammonium nit

rogen increased. The maximum concentrations were only occasio

nally higher than the maximum values observed in the reference 

material (Table 1.18). In stream No. 19, very high concentra

tions of ammonium and organic nitrogen, KMno 4-consumption and 

optical difference were observed. Also total phosphorus and 

optical difference in stream SN exceeded the maximum concent

rations in the reference material (Table 1.18). The drainage 

water was coloured dark brown by humic material in the first 

summer and in some streams the sewer fungus Sphaeroti Zus was 

observed. 
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Table 1.18. Maximum observed concentrations the first year 

after clear-cutting. The regional mean and the 

highest observed concentration in five reference 

streams are also given 

KMn04-
Date Date NH4-N Org-N Top-P con sump 

Stream clear-cut sampling -1 -1 µg ,-1 mg l-l L'>-opt µg 1 µg 1 

Reference, mean 9 297 11 47 29 

, max 76 1 931 570 263 94 

MB Feb. 1976 Sept. 1976 47 1 575 43 180 59 

No. 19 Aug. 1973 Nov. 1973 660 4 805 219 496 >2 OOO 

No. 21 Jan. 1974 Sept. 197 4 84 421 26 82 100 

No. 22 Sept. 1973 Nov. 1973 19 1 097 47 64 95 

SN Feb. 1974 Aug. 1974 26 530 118 1 215 

Apr. 1974 720 

The t- and F-test computations at the 95 % significance level 

of deviations of six-month means and variances between treated 

and reference streams were also performed for clear-cuttings 

(Figs. 1.18 and 1.19). 

As also following a fertilization, many constituents showed 

cyclical deviations in mean values after clear-cutting, e.g. 

pH, NH 4-N and N03-N (Fig. 1.18) as well as in variance ratios, 

e.g. the nitrogen fractions (Fig. 1.19). 

Normally, significant deviations were only found during parts 

of the years. The ammonium concentrations increased during the 

winters and the deviations decreased with time. The nitrate 

concentrations also increased during the winters but in cont

rast to the case with ammonium the deviations increased with 

time (Fig. 1.18). Despite the first year, the increase in or-
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ganic nitrogen was not significant although the increase in 

variance was mostly significant (Figs. 1.18 and 1.19). 

The changes in Ca, Mg and Na concentrations and variances were 

not significant (Figs. 1.18 and 1.19), while K had a marked 

increase in mean concentration and some increased variances 

(Figs. 1.18 and 1.19). The excess leakage of Ca, Mg and Na was 

therefore mainly caused by increased runoff. 

After the clear-cuttings the quality of dissolved organic mat

ter commonly changed towards nitrogen-poorer humic material. 

The KMnO 4-consumption increased slightly, and significantly 

(95 %) during a few months in two streams. The organic nitro

gen concentration decreased significantly in stream No. 22 in 

the first autumn after the management, whereafter it increased 

successively towards its normal concentration after two years. 

There were no significant changes in the other two streams. In 

stream SN the concentration quotient KMno4 I Org-N was signi

ficantly increased during the first year and was still larger 

(130-160), but not significant, than the pre-cutting mean va

lue (117). The increases in streams No. 21 and 22 were never 

significant (95 % level) but were persistent (200-240) for one 

and a half years, whereafter the quotients decreased to normal 

(165) or less. Alhough the increases of the quotient domina

ted, a few values smaller than normal were observed, e.g., 58 

in stream No. 22 in November 1973, two months after the clear

cutting (cf. Table 1.18). In streams Nos. 21 and 22 slight in

creases in pH were observed two years after clear-cutting. 

4.4.3 E f f e c t s o n leakage 

Drainage area No. 19 was ditched before the effect of the 

clear-cutting had ceased, so some of the excess leakage repor

ted in Tables 1.16 and 1.17 is due to ditching rather than to 

clear-cutting. pH increased 0.9 units after the ditching 

(Ramberg, 1981). 
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After three years the mean integrated nitrogen leakage of four 

clear-cut basins was larger 

lization (Urea: 738 kg km- 2 ) 

-2 (1 040 kg km ) than after ferti-

(Table 1.16). In contrast to the 

fertilized situation, the organic nitrogen fraction dominated 

the total nitrogen leakage during the first three years 

(724 kg km-2). The leakage of organic nitrogen was about the 

same for all three years of observation (Table 1.17). The ni

trate fraction increased from 1 % of the excess total nitrogen 

leakage in the first year to 18 % in the second, and 35 % in 

the third, demonstrating how nitrification develops. 

The hydrogen ion discharge decreased in the drainage water of 

all clear-cut basins (mean= -37 %, Table 1.16). The effect 

was largest in the second year, but in the third year an in

creased hydrogen ion discharge was found (Table 1.17). This 

could be an effect of nitrification. 

Phosphate phosphorus discharge was nearly doubled after clear

cutting (Table 1.16), particularly in the first and the second 

years (Table 1.17). The transport of combined phosphorus was 

80 % larger than normal but the extreme discharge of combined 

phosphorus in the whole Kloten region in April 1974 made the 

calculations unreliable. 

The change in discharge of metal cations was inhomogeneous. 

The potassium discharge was nearly five times the normal 

(Table 1.16) with a maximum leakage in the second year after 

clear-cutting (Table 1.17). The calcium (72 %) and sodium 

(32 %) discharges increased substantially while the magnesium 

discharge increased only by 19 % (Table 1.16). 

Chloride discharge increased by 56 % and silica by 25 % while 

the sulphate discharge only increased by 17 %. The discharge 

of organic matter measured as KMno4-consumption increased 1.7 

times (Table 1.16). 



70 

5 DISCUSSION AND CONCLUSION 

5.1 GENERAL REMARKS 

The water samples were seldom taken more frequently than once 

a month, which might lead to interpolation errors (Eriksson, 

E., 1981). Reference data had to be calculated from other sta

tions and mostly the regional variation (Table 1.10) could be 

considered • When runoff was measured the error was within 

.5 % , but when calculated it seemed reasonable to add another 

error of 5 %. As the excess discharge was calculated as the 

product of change in concentration and runoff, the error in 

runoff data was of less importance than those in reference 

concentration. However, the calculated leakages seemed consi

stent, although some large differences between streams appea

red (Table 1.16). 

When only part of a drainage area was treated, the excess lea

kage was considered to come from the treated part only. The 

total error must then be multiplied by an areal factor. For 

example, only 40 % of drainage area No. 22 was clear-cut 

(Table 1.4), so the total error was multiplied by 2.5. 

Data on the effect of the position of a treatment within a 

drainage area are sparse. When S~ drainage area was fertilized 

in June 1972, water samples were also collected about 500 m 

further down the stream channel (SN) . The withdrawal of nitra

te nitrogen was calculated from one and a half years of obser

vations. A total of 11.3 g was absorbed or denitrified per 

meter length of the stream channel, or equivalent to more than 

80 % of the nitrate leakage from the Urea fertilization dis

appeared within 500 m downstream along the stream channel. 

During the same time an excess of 6.6 g m-l of organic nitro

gen was released. The absorption of the larger constituents 

was about 5 % which, in this case, should be close to the er

rors in the calculations. 
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The above-mentioned large hydrochemical variations within a 

small area with almost uniform geology and climate but also 

big differences in leaching between years (Table 1.13), must 

be taken into consideration in future studies using the drai

nage area manipulation approach. It is also known that the 

relative concentrations of aluminium and hydrogen ions decrea

ses, while they increases for calcium, magnesium and sodium 

downwards in a stream (Driscoll & Likens, 1982). Treated and 

reference areas should therefore be of about the same size. 

The whole investigation area must be under full control, the 

water chemistry and runoff must have been measured during at 

least some years before the manipulation so that extremes du

ring the treated period have parallels during the calibration 

period. The whole drainage area should be treated in the same 

way for a short period of time with at least one parallel un

disturbed reference. Regression or other relations should be 

established before any treatment so that judgements can be 

made of which changes can be detected. 

5.2 FOREST FERTILIZATION 

After a successful forest fertilization the needle biomass, 

and consequently the transpiring surface will increase. This 

should lead to increased transpiration and decreased runoff. 

Significant decreases in runof f were not observed the first 

three years after fertilization in the Kloten area. 

The level of the concentration peaks of inorganic nitrogen 

immediately after the fertilizations (Fig. 1.11) seems mainly 

caused by the extent of the outflow areas (Fig. 1.12) and the 

moisture conditions (Fig. 1.13). 

After Urea fertilization nitrate levels of the order 0.1 - 20 
-1 mgN 1 have been recorded in streams (Malueg et al., 1972; 

Aubertin et al., 1973; Loewenstein et al., 1973; Moore, 1975; 

Gonzalez & Plamondon, 1978). The smallest increase, reported 

by Moore (1975), was found after fertilization of Douglas fir 
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at a rate of 224 kgN ha-1 , so that fertilizer was not applied 

within 60 m of a stream. 

In springs draining AN fertilized areas, Wiklander (1977) 
-1 found nitrate concentrations of up to about 10 mgN 1 After 

-1 Urea fertilization at rates between 115 and 175 kgN ha nit-

rate concentrations in springs never exceeded 1 mgN 1-l (Tamm 

et al., 1974) 

The duration of the increased leaching and the total loss of 

nitrogen is primarily dependant on two counteracting phenome

na; the absorption capacity of the soil and vegetation and the 

mineralization and nitrification capacity, the latter leading 

to higher nitrate discharge and is caused by the same fertili

zation. 

The Urea fertilization in particular created an environment 

suitable for nitrification by increasing pH and producing am

monium as substrate (Fig. 1.15) whereas AN-application in the 

Kloten area did not seem to have the same result (Fig. 1.16). 

In Kloten Urea fertilized areas had a more prolonged nitrogen 
-2 leaching and a total excess loss of about 750 kgN km compa-

red with the AN-treated areas, with a total excess loss of 
-2 about 500 kgN km (Table 1.16). The difference was nearly 

entirely caused by higher nitrate leaching from the Urea fer

tilized sites. A total of 2 - 9 % of the applied nitrogen was 

lost as discharge. 

Harriman (1978) reported a fertilizer loss of 16.~ and 9.4 % 

the first year after AN application at a rate of 154 kgN ha-1 , 

but only 4.3 % the first two years after Urea fertilization. 

Aubertin et al. (1973) recorded a loss of 9 % the first year 

after Urea application at a rate of 250 kgN ha- 1 . 

A special investigation was undertaken to calculate the amount 

of fertilizer stored in soluble form in drainage area MB two 

years after the AN fertilization (Kloow, 1974). The ground

and soilwater storages were quantified and their nitrate nit

rogen content determined. Only 1 % of the added nitrogen was 
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found in solute form in the soil and 4 % had been lost as dis

charge. The remaining 95 % must be present in the vegetation, 

in the organic nitrogen pool of the soil or lost to the atmos

phere by denitrification. 

After application of -1 150 kgN ha of ammonium nitrate (or 

Urea) in a 120-year-old Scots pine stand on well drained, san

dy glacifluvial sediments, Nommik & Moller (1981) recovered 21 

% (49 %) in the soil and 19 % (8 %) in the needle biomass. In 

the case of Urea the loss by NH3 volatilization was estimated 

to 21 %. According to what they called a "rough estimate", the 

loss by leaching was 30 - 40 % for the AN and 0 - 10 % for the 

Urea applications, respectively. If their results applies to 

the Kloten area, there is a discrepancy of 25 - 35 % for the 

AN-fertilized MB area, which might be a denitrification effect 

in the less drained soils at Kloten. Leached nitrate from the 

inflow ares might also have been absorbed in the organic mate

rial of the outflow areas. If Nommik & Moller~s results are 

applied to the fertilized areas at Kloten, then 21 - 49 % or 
-2 3 400 - 7 400 kgN km of added fertilizer are stored for a 

long time in the soil and field layer. The single fertiliza

tion will then increase this nitrogen pool which, in the 
-2 Kloten area is of the order of 210 OOO kgN km (Table 1.19), 

by 2 - 4 %. 

There are at least two possible explanations for the long du

ration of increased variances in the concentration of the ele

ments in the geo-cluster in stream water after fertilization. 

One is excessive nitrogen mineralization followed partly by 

nitrification - most pronounced for the Urea treated areas -

and partly by ion exchange at the soil colloids and leakage 

during the autumn (cf. Fig. 1.17). This is perhaps also the 

reason why the Urea fertilized streams have larger total ca

tion losses than the AN-fertilized (Table 1.16) despite the 

opposite occuring during the first month after treatment 

(Fig. 1.14). 

The other possibility is that ion exchange occurs over the 

whole drainage area in connection with the fertilization and 
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Table 1.19. Estimated1 exchangeable cations, phosphorus and 

total nitrogen content in the top 0. 2 m of the 

forest soils in the Kloten area (kg km- 2 ), calcu

lated total (3 - 4 years) excess leakages of ele

ments (%) caused by the studied forestry manage

ments, and normal yearly leakage (%) 

Ca Mg K Na p Tot-N 

Ao 4 980 1 370 2 100 230 500 44 800 

A2-B2 1 400 880 13 OOO 10 360 161 OOO 

Total 0-0.2 m 6 380 2 250 15 100 240 860 205 800 

Excess leakage, % 

Urea-fertilization 16 21 1.2 296 0.1 0.4 

AN-fertilization 0.6 1.8 0.6 -63 -0.1 0.2 

Clear-cutting 9 2.2 13 71 1.2 0.4 

Normal leakage, % 10 11 1.3 326 0.2 <0.1 

1 Phosphorus in SN (Nykvist, unpublished), A as mean of 
6, 9, 13 and SU (J. Johansson°& K. Olofsson, streams Nos. 

pers. comm.) and A2-B2 from Table 10 in Troedsson & Nykvist 
(1974). 

the difference in travel time given by the distribution of 

distances to the drainage net results in the discharge pattern 

observed. 

The longer duration of the effect of AN-fertilization in 

stream BB than in stream MB (Figs. 1.18 and 1.19) could then 

be explained by the higher drainage density of MB (110 m ha- 1 ) 
-1 compared to BB (70 m ha ) . 

The total losses of elements (Table 1.16) may be compared with 

the exchangeable pool of the forest soil and the natural lea

kage (Table 1.19). Although the total excess losses after Urea 
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fertilization seem substantial, they are still of the same 

order as the natural yearly leakage. There might still be a 

risk of metalic cation deficiency after a couple of Urea fer

tilizations. The total excess leakage after AN-fertilization 

is much lower and there does not seem to be any such risk. 

5.3 CLEAR-CUTTING 

5.3.l Ru n o f f 

When a forest is clear-cut the evaporation properties change 

drastically. In the first stage the total leaf area of the 

whole vegetation decreases as the forest canopy is removed. 

The aerodynamic resistance of the surface also decreases, nor

mally with one order of magnitude (Calder, 1979). Grass and 

herb vegetation soon take over the clearing and a new leaf 

area develops, often as large as that of the former forest 

canopy. 

The surface resistance, which is drastically increased in the 

early stages of a clearing, decreases along with the develop

ment of the ground vegetation. During the first stage, trans

piration is consequently low. Evaporation from wet surfaces is 

also low as the aerodynamic resistance is high. When the new 

leaf area has developed the transpiration will be about the 

same as before clear-cutting, but the evaporation of intercep

ted water will still be retarded by the high aerodynamic resi

stance. Therefore the effect of clear-cutting on evapotranspi

ration is dependant on the rainfall regime (Eriksson & Grip, 

1979). In a region with many small showers, evaporation loss 

will be larger than if the same amount of precipitation was 

distributed in a few heavy storms. The effect of clear-cutting 

will increase with the number of showers. 

The water balance equation shows that storage (soil and ground 

water) and/or runoff will increase if evapotranspiration de

creases. As outflowing ground water dominates runoff (cf. 
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Rodhe, 1980), increased ground water storage is a prerequisite 

for increased runoff. 

The increased runof f after clear-cutting of drainage area MB 

(179 mm year-1 ) was larger than that found by Heikurainen & 

Paivanen (1970) for a drained peatland in Finland (llO mm 

year-1 ) and by Kihlberg (1958) for a drainage area in the pro

vince of Dalecarlia (90 mm year- 1), but less than in Vestfold, 

Norway, where Haveraaen (1981) reported an increase of 200 -

250 mm year-l and in the eastern United States where the year

ly precipitation is larger than that of central Sweden. At 
-1 Hubbard Brook, an increase of about 300 mm year was found 

(Hornbeck et al., 1970), at Coweeta, North Carolina 280 

400 mm year-l (Hibbert, 1967) and at Fernow, West Virginia, 
-1 370 and 285 mm year when the upper and the lower half re-

spectively of a drainage area was clear-cut (Patrie, 1969). 

When clear-cutting 35 % of a spruce forest on a Carpathian 

drainage area the yearly runoff increased by about 240 mm 

(Oliynik & Chubatyy, 1978). 

5.3.2 Chem i s t r y 

The immediate effect of clear-cutting on stream water chemist

ry is an increase in dissolved organic matter, obviously more 

easily decomposed than the ordinary humic matter as indicated 

by the occurrence of Sphaerotitus. This is probably caused by 

a sudden death of roots and mycorrhiza and a following autoly

sis. The two main processes occurring to a higher degree on 

clear-cut sites are mineralization of organic matter and nit

rification of released ammonia. 

The increased mineralization is illustrated by the fact that 

the leaching of ammonia increased about 10 times during the 

three years studied and that the variables connected with the 

dissolved organic material, i.e., Org-N, Comb-P and KMno 4-con

sumption, increased 3.1, 2.8 and 2.2 times respectively as a 

yearly mean (Tables 1.16 and 1.17). This may also indicate 

that the incomplete mineralization increased considerably, 
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which is probable as the ground water level rose from about 

0.9 m to about 0.6 m during summer and the soil moisture in

creased by nearly 30 % (Lundin, 1979) resulting in a more 

anaerobic environment for the micro-decomposers in the soil. 

Wiklander (1981) summarized the effect on nitrate concentra

tions in wells draining clear-cut areas as: 

- Leaching may appear as soon as 1 year after cutting, but it 

may be delayed 10 years. 

- Leaching may end as early as 4 years after cutting, but can 

continue for 15 years. 

- Leaching may result in high nitrate concentrations. 

Leaching may occur on very poor sites, even in regions with 

severe climate (close to the Arctic Circle) . 

Table 1. 20. Four-year losses from slash after clear-cutting 

of a Scots pine stand at JadraAs, Central Sweden 

(Staaf & Berg, 1980), and three-year leakages 
-2 from clear-cuttings at Koten (kg km ) . The stand 

at Jadraas (IhO) had a basal area of 19.7 m2 ha-l 
-1 and 453 trees ha (Albrektsson, 1976) 

IHO 

Kloten 

N 

2 660 

1 040 

p 

520 

40 

K s 

3 250 305 

2 220 660 

Ca Mg 

1 990 675 

1 360 130 

In the Kloten area the leaching of nitrate increased during 

the three years studied and was 9.3 times larger than referen

ce values during the third year. 

The excess losses of nitrogen during the three years studied 

amount to about 0.4 % of the total nitrogen pool (Table 1.19). 

About 13 % of the available potassium pool was lost, which is 

10 times the normal yearly leakage. The excess leakage of 
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phosphorus was about 1.2 % of the available pool, but the nor

mal yearly leakage was only 0.2 % (Table 1.19). 

At Jadraas, Central Sweden, a Scots pine stand (IhO) 

(Albrektsson, 1976) was clear-cut and the amount of nutrients 

in the different fractions of slash was investigated. Four 

years later, the nutrient content was again investigated and 

the losses determined (Staaf & Berg, 1980). If compared to 

Kloten data, the entire leakage could be caused by losses from 

dead above ground biomass. Only sulphur was leached in larger 

amounts at Kloten than at Jadraas (Table 1.20). 

-2 Haveraaen (1981) reported a total loss of 700 - 800 kgN km 

year-l for the two years following clear-cutting of a conife

rous forest, dominated by Norwegian spruce, in Vestfold, 

Norway. The nitrogen loss from the control area was five times 

less. Out of the total nitrogen loss, N03 -N accounted for 
-2 -1 about 600 kg km year (10 - 20 times increase). The loss of 

K increased with 1 200 - 1 300 kg km- 2 year-l (4 - 5 times), 
-2 -1 -2 so4-s with 600 kg km year and Cl with 1 800 kg km 

-1 year 

The results from Kloten may also be compared with those from a 

clear-cutting and subsequent herbicide treatment of a deci

duous forest at Hubbard Brook, New Hampshire (Likens et al., 

1970; Pierce et al., 1970; Hobbie & Likens, 1973) 

(Table 1. 21) . The climate at Hubbard Brook (Likens et al., 

1977) is more humid and the summers warmer than at Kloten. The 

normal leakage of the larger constituents was of the same or

der as in the Kloten area but the leakage of inorganic nitro

gen was 25 times that at Kloten (Table 1.21). 

In the Hubbard Brook study all dead biomass was left within 

the drainage area. The nitrate leaching increased much faster 

and amounted to about 130 times that observed at Kloten during 

the first three years (Table 1.21). The high nitrification in 

the American study caused a drop in pH from the weighted ave

rage of 5.1 to 4.3 and a considerable leaching of cations. The 

moderate nitrification at the clear-cuttings in the Kloten 
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Table 1.21. Comparison between the three first years leakages 

after clear-cutting in the Kloten area (K) and 

from the deciduous forested Watershed 2, Hubbard 

Brook (HB) (Likens et al. , 1970; Pierce et al., 

1970; Hobbie & Likens, 1973) 

Precipitation Runoff Increase in Mean air temperature (oC) 

(mm year- 1) (mm year-1) 
runoff 1 

January July (mm year- ) 

927 443 184 -4 15 

HB 1 246 704 300 -9 19 

H NH4-N N03-N Tot-P Ca Mg Na K so4-s Cl Si 

Normal leakage (kg -2 -1) km year 

K 10 3 13 5.1 670 250 780 200 1 360 750 1 500 

HB 10 27 385 0.9 1 390 330 750 240 l 760 460 2 380 

Excess leakage after clear-cutting (sum for three years) (kg km- 2) 

K -23 140 260 40.8 1 730 220 950 2 460 930 1 540 1 030 

HB 150 34 800 2.0* 18 810 3 890 2 800 8 760 -410 940 4 420 

* The first year only. 

area did not decrease the pH and the leaching of cations was 

small. 

Only the first part of the supposed period of effects of 

clear-cuttings was studied. The total leaching of nitrate, a 

maximum of which was observed during the last year of observa

tion, may be considerably larger. The maximum phosphorus lea

kage occurred during the first and the maximum cation leakage 

during the second year after the clear-cuttings, so the total 

loss of these elements would probably not be more than twice 

the amount observed. 
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1 INTRODUCTION 

An efficient way of analysing the dynamics of observed variab

les and processes in nature can be to use simulation models. A 

simple model based on physical and chemical assumptions may, 

by the questions it will raise, often lead to a better under

standing of the real system than pure statistics. Statements 

about generality and validity of a model can hardly be made 

without extensive testing against new datasets and new areas. 

Generally it seems more common to make new models than to tho

roughly test and generalize existing ones for other time pe

riods or sites, than those for which they were originally de

veloped. 

Very few physically based models for prediction of stream wa

ter composition have so far been published (cf. Johnson et 

al., 1969, Christophersen & Wright, 1981 and Christophersen et 

al., 1982). The basis of the model used in this work, and 

hereafter called the Birkenes model is the hydrologic submodel 

developed for the forested Birkenes catchment in southernmost 

Norway by Lundquist (1976, 1977). The submodel has also been 

applied to other Scandinavian catchments (Lundquist, 1978). A 

similar hydrologic model was also developed for the VN catch

ment in the Kloten area (Grip, 1973). The Birkenes model was 

first developed to explain the sulphur concentrations in 

stream water at Birkenes (Christophersen & Wright, 1981), but 

was later extended to incorporate the stream water concentra

tions of aluminium, hydrogen ion and the sum of calcium and 

magnesium (hereafter called M2) (Christophersen et al., 1982). 

For the purpose of the Kloten application the model was modi

fied to treat sodium and chloride as these two ions did not 

balance each other, as was the case at the Birkenes site. The 

treatment of snow dynamics was also introduced, enabling the 

model to be run for longer time periods (five years). The mo

del was run with the SIMP simulation package (Lohammar, 1979) 
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and data was stored and processed within the data base system 

ECODATA (Svensson, 1979). 

Two reference streams, named Sorbacken tlvre (Stl) and Vi ta 

Nedre (VN), with long observational periods were chosen for 

the model application. The tree layer at Stl was dominated by 

mature coniferous forest stands while VN was dominated by 

young ones. In a pairwise test (cf. Sect. 1) none of the con-

centrations of the analysed main chemical constituents, with 

the exception of silica, differed significantly at the 95 % 

level between the two streams Stl and VN. Neither did the run-

off volumes differ significantly (95 %). Despite that, it was 

decided to see whether the small and insignificant differences 

that existed could be further elucidated by simulation tech

nique. 

The objectives of this work is, further, to test the genera-

li ty of the modified Birkenes model, by applying it to the 

catchments Stl and VN in the Kloten area and to get a deeper 

insight into their respective chemical behaviours. 
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2 MODEL DESCRIPTION 

The Birkenes model represents the dynamics of water and main 

chemical constituents in a catchment covered by vegetation by 

using only two soil compartments representing the humus layer 

and the mineral soil layer. The underlain bedrock is conside

red as completely imprevious. 

Driving variables are daily values of precipitation, mean air 

temperature and concentration of sulphate in precipitation. 

Predicted data are mainly runoff and concentrations of sulpha

te, hydrogen ions, aluminium and the sum of calcium and magne

sium in stream water. Optionally all state and intermediate 

variables may be chosen as output. A time resolution of one 

day was used during the simulations. The model was modified to 

also include a deep mineral soil layer and the dynamics of 

snow, chloride and sodium. It was therefore necessary to in

clude the chloride concentration in precipitation as a further 

driving variable. 

2.1 HYDROLOGICAL SUBMODEL 

Water flows and storages are defined according to the equa

tions given in Table 2.1 and Fig. 2.1. Linacre's (1977) simp

lification of the Penman equation (Penman, 1948) was used to 

calculqte the potential evapotranspiration rate, since it re

quires air temperature as the only driving variable. The dist

ribution of evapotranspiration between the upper and lower 

compartments, respectively, was unrealistic in the original 

Birkenes model. The evaporation from the upper compartment was 

always at potential rate until it was emptied, then transpira

tion from the lower compartment started. Transpiration was 

reduced when soil water was limiting (cf. below). Interception 

on vegetation cover was not treated, so all precipitation en

tered the uppermost soil compartment without chemical altera

tion. 
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Fig. 2.1. Hydrological sub

model. 

Evapotransp i ration 

PE= 5DO(T + 0.006H)/(100 - LAT)+ 15(T - Tctl 

80 - T 

MRA = (A - Acrit)/(\in - Acrit) 

MRa = (B - 8crit)/(Bmin - 8crit) 

max (MRA, MR8 ) MRa 
EA = PE A 

MRA + MRs 

max (MRA, MR8 ) 
E8 = PE M~ 

MRA + MRs 

T("C) 

P rain = TOp ·P' p snow = ( 1 - TOp) ·P 

Melt= mT·(T - Tm) 

d Weq _ ( ) ctt"" - P snow+ P rain + Melt - 1 - fret ·Weq 

Run off 

QA = Ak ·(A - \in) 

Ad;v:I =:J IRd.v 

0 20 Bmm 60 BO Bmax 

QB = 8k ·(B - 8min) 

Q = ( 1 - Adiv)·QA + QB 

2.1 

2.2a 

2.2b 

2.3a 

2.3b 

2.4 
a, b 
2.5 

2.6 

2.7 

2.8 

2.9 

Table 2.1. Equations and rela

tionships for hyd

rological submodel 

Normally the fine root system is concentrated to the humus 

layer and the upper mineral soil layer (cf. Persson, 1980). 

Therefore water uptake should take place from both horizons 

simultaneously. It should also be reduced for limiting soil 

water in any of the horizons. In the present application the 

potential water uptakes from the upper and lower compartments 

were considered to be equal when soil water was non-limiting. 
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Many functions for the reduction of potential to actual evapo

ration rate have been suggested. Johns & Smith (1975) tested 

evaporation calculations using six of these functions against 

measured soil water contents. Generally, they found a simple 

ratio function as good as or better thah more complex func

tions. Eagleman ( 1971) synthesized various determinations of 

actual measured evaporation rates from agricultural crops in 

drying soil into a third order polynomial (cf. Fig. 2.2). 

Christophersen et al. (1982) used a simplification of 

Eagleman- s expression suggested by Linacre (1973) (cf. 

Fig. 2.2). 

For potential evaporation rates, PE , common at Kloten (PE< 6 

mm day-1 ) the discrepancies between these two functions were 

considerable (Fig. 2.2). According to Linacre (1973) the 

drying process could be divided into an atmospheric-dependent 

and a soil-dependent phase. The soil, he argued, is drying at 

the potential evaporation rate until the available water capa

city has fallen to /PI /4. In a heterogeneous soil, as till, 

it is unlikely that all the soil around the whole root mass 

reaches that critical value at the same time, especially when 

a whole drainage area is considered in bulk. The following 

alternative expression was therefore used: 

E PE* (MR)a 2.10 

where E is actual evapotranspiration and a is a parameter. In 

the model (MRx = (X - Xcrit)/(Xmin - Xcrith where X indicates 
either of the upper and the lower reservoirs respectively. 

Also when soil water was limiting, transpiration was taken 

from both reservoirs, but in proportion to availability. The 

total was determined from the reservoir with least reduction 

(Eq. 2.3 in Table 2.1). 

A snow routine was introduced to make year-round simulations 

possible. It is a simplification based on work done by Jansson 

& Halldin (1979) and Halldin et al. (1980). The thermal quali

ty of precipitation i.e. the frozen weight fraction, gives the 
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2. E = min (PE, 16 MR2) 
3. E = PE . MRa 

1.0 

Fig. 2. 2. Actual evaporation rates, E , for different frac

tions of available soil water, MR, and different 

potential evaporation rates, PE , according to 1. 
Eagleman (1971) (-), 2. Linacre (1973) (---) and 

3. here adopted relation with reduction coeffi

cient, a= 0.5 (- -). 

snowfall. Division between rain and snow is expressed as a 

linear fraction between Tmin and Tmax· Above Tmax all precipi

tation is rain and below T mi n all precipitation is snow 

(Table 2.1). Rain increases water in snow the pack. Melt and 

freeze are determined by a simple day-degree function giving 



89 

mT melted or freezed water per degree mean air temperature 

above or below Tm 0 c. The snowpack is given the retention ca

pacity fret of the water equivalent. All water above this 

treshold is allowed to infiltrate the same day. 

2.2 CHEMICAL SUBMODEL 

The structure of the· sulphate part of the chemical submodel 

remains unchanged from the Birkenes model (Christophersen et 

al., 1982) (Fig. 2.3 and Table 2.2). As water uptake from the 

upper compartment was treated as transpiration in the modified 

model, sulphate should have been extracted by the roots also 

from this compartment. In order not to diverge too much from 

the original model it was decided to disregard the root uptake 

of sulphate from the upper compartment. Note that the compart

ment 11 S in organic material 11 is essentially only a source or 

sink for sulphate without any influence on the calculated 

flow. This compartment was not explicitly treated in the ori

ginal Birkenes model. 

Chloride is treated as a conservative element only following 

the flow of water. In the compartments (cf. Fig. 2.1) complete 

mixing is assumed in each time step. The deep compartment, 

existing in the real system, gave a proper smoothing of the 

simulated chloride concentration in stream water. The mass 

balance equation for chloride in the upper compartment is: 

2.20 

where ClA is the amount of chloride in the upper compartment, 

P is precipitation, [Cllp and [Cl]A = ClA I A is concentration 

of chloride in precipitation and upper compartment, respecti

vely, CCl is concentration of chloride in the air, Del is de

position velocity of chloride and QA is outflow of water from 

the upper compartment. 
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material 

SOdM) 

S04(U) r50 ) = ~ S04(QA) 
L 4 A KA+A 

A 

B 

Fig. 2.3. Sulphate part of 

the chemical sub

model (cf. Fig. 

2 .1) • 

504 (P) = P·[504Jp 2.11 

504 (DJ = C50 • Dso + C50 • 050 • 1. 5 2.12 
4 4 2 2 

504 (M) = "\io if A < -\in 2.13 
4 

5o4(QA) = (l - Adlv) ·QA ·[504JA 2.14 

504(AB) = Adlv·QA ·[504JA 2.15 

504 (U) =Es ·[504J8 2.16 

504(QB) = Os ·[504Js 2.17 

504 (ads) = - l<s ·B ·([504J0 - [504J8 J 2.18 

[504JQ = 5o4(QA) + 504(08) 2.19 

( 1 - Adiv) ·QA + 0s 

Table 2.2 Equations and rela

tionships for sul

phate part of the 

chemical submodel 

Between the lower and the deep compartments mixing takes 

place: 

d Clc 

dt 
2.21 
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Clc is amount of chloride in the deep compartment, KM is 

mixing rate and [Cl]B and [Cl]C are chloride concentration in 

the lower and deep compartments respectively. The mass balance 

equation for chloride in the lower compartment is: 

2.22 
dt 

As the catchments in this study are both situated far above 

the highest marine coast line (cf. Sect. 1) and as chloride is 

not contained within the minerals of the soil or bedrock, no 

additional chloride sources but the atmospheric e'· t. 

Further, chloride uptake by the vegetation is small (Lik 

al. , 19 7 7) and can be neglected in the model. MeasuremenL 

Hubbard Brook suggest that about 30 % of chloride in bulk pre

cipitation is released as root exudates (Likens et al., 1977) 

indicating a bypass from the atmosphere to the rooting zone of 

the lower compartment. Such a slow bypass flow would level out 

the chloride concentration in stream water. However, in this 

application only mixing between the lower and deep compart

ments is explicit and the possible bypass flow is indirectly 

accounted for in that equation. 

When the mass balance of sulphate and chloride has been compu

~ed the concentration of the other ions are determined. These 

equations are, on an equivalent basis, for the upper compart

ment: 

[H+] [M 2+] + [Al 3 +J + [Na+] [so/-J + [Cl - ] + 2.23 

[Al 3+J 
Kso 

[H+ ]3 

2.24 

l!il KG1 
[M2+] 

2.25 

l!il KG2 
[Na+] 

2.26 
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Eq. 2.23 is simply the requirement of electroneutrality. Eq. 

2.24 assumes equilibrium with synthetic gibbsite, which seemed 

appropriate at Birkenes. As aluminium was not analysed at 

Kloten, the same assumption had to be used. Eq. 2.25 is a re

duced activity ratio expressing the ion exchange equlibrium 

between the hydrogen ion and M2. For the reduced activity ra

tio to be valid a constant equivalent fraction of the diffe

rent cations on the solid phase is required (cf. Sposito, 

1981). When sodium was introduced the ion exchange equilibrium 

between the hydrogen ion and sodium was given a parallel for

mulation (eq. 2.26). From eqs. 2.25 and 2.26 the ion exchange 

equilibrium between M2 and sodium is also defined. Concentra

tions are used both in the solubility product of gibbsite and 

in the reduced activity ratio, implying unit activity coeffi

cients. Mean activity coefficients varied from 0. 81 for the 

trivalent aluminium to 0.98 for the univalent ions in stream 

water. As the last computational step the mineralized M2 due 

to drying is added and the concentrations of H+, Al and Na are 

adjusted. 

In the lower compartment, eqs. 2.23 and 2.24 are also valid, 

but here sulphate adsorption (cf. Fig. 2.3) and weathering are 

more important. When sulphate is adsorbed and mixed, and chlo

ride is mixed, the cations are arbitrarily adsorbed in propor

tions to their relative concentrations in the lower compart

ment. 

The weathering rate, WH+, is defined as: 

2.27 

where w is the weathering coefficient. Postulating a constant 

relation between the net effect of weathering and selective 

root uptake between M2 and sodium, the weathering rates for M2 

and Na are respectively: 

+ + ) WM2 = - WM2 w ([H )0 - [H ] 2.28 
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and 

+ + ) WNa = - (1 - WM2) w ([H Jo - [H ] 2.29 

Finally, the concentration of the different ions in runoff 

were found from the weighted concentrations in runof f from the 

upper and lower compartments, respectively. 
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3 MODEL PARAMETERIZATION 

The modified model was adapted to the catchments so and VN 

(Fig. 2.4). Main basin characteristics are given in Sect. 1 

Fig. 2.4. The two catchments so (left) and VN (right) selec

ted for the simulation of stream water chemistry 

and runoff (for location cf. Fig. 1.1). Grey scale 

indicates dominating mosses in ground layer: Swamp 

mosses (dark), mesic mosses (intermediate) and 

lichen (light) . Intermediate forms are also in

cluded. 
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Table 2. 3. Vegetation characteristics for the catchments Sl5 

and VN (B. Soderberg, unpublished) 

Tree laver, % 
Pinus siZvestris, Picea abies 

Tree age distribution, years 
p25' P50• P75 

Stand height distribution, m 
P25• p50' P75 

Current annual increment, m3 ha-1 year-l 
P25• P50• P75 

Dominating species in field layer, % 
Bluberry (Vaccinium myrtiZZus) 
Lichen (CaZZuna vuZgaris) 
Grass (mainly Descharrrpsia fZe:x:uosa) 

Forest type, % 
Wet dwarf-shrub type 
Mesic dwarf-shrub type 
Dry dwarf-shrub type 

a) 4.4 % lake 

SU 

83, 

80, 

10, 

2.6, 

73 
5 

22 

12 
86 

2 

17 

105' 110 

13' 14 

2.8, 3.0 

93, 

5. 

1, 

0.2, 

33 
36 
26 

9 
48 
38 

3 

10, 30 

2, 5 

0.6, 1.8 

and some more detailed information on the vegetation in Table 

2.3. Precipitation and stream water chemistry are compared in 

Table 2.4. 

The model adaptation to the new sites was done in a number of 

steps. First, known parameter values (class A parameters in 

Table 2.5) and guestimates of the others were introduced into 

the original model. Measured and simulated output variables 

were then compared in multi-runs extended over one summer pe

riod. During each of these multi-runs the sensitivities to 

three parameters were investigated. One parameter was changed 

every run. The test parameters were mean and standard error of 

the deviation between simulated and measured variables. The 

parameters of the hydrologic submodel were first investigated 
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Table 2.4. Volume-weighted average concentrations -1 
( µeq 1 ) 

in precipitation, P , and in stream water of the 

two catchments S~ and VN at Kloten, 1970 to 1977 

p so VN 

Water, mm 927 416 466 

(pH) (4.42) (4.66) (4.89) 

H+ 38 22 13 

Ca 27 57 64 

Mg 11 43 35 

Na 16 73 63 

K 7 11 10 

NH4 21 0.5 0.5 

N03 25 2.0 1.5 

so4 70 169 150 

Cl 14 45 40 

HC03 
a b b 

L: cations 120 207 186 

L: anions 109 216 192 

The0composit3on of precipitation was obtained from Forshult 
(60 17'N, 13 78'E, alt. 192) in the European Air Chemistry 
Network and were volume-weighted according to precipitation 
at Kloten. 
~ was. measured, and nearly always negative 

was only occationally measured, and then very low 

and the best parameter set chosen, then the same was done for 

the chemical submodel. 

When a reasonable fit was finally achieved for the summer pe

riod chosen, the snow routine was introduced and the calibra

tion period extended to the whole data sets. Some new parame-
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ter values had then to be adapted, since the variation of the 

large storages of sulphate led to unrealistic parameter esti

mates not obvious when the short period was used. Finally 

chloride and sodium were introduced and new parameter adjust

ments were needed. For s~ the model was run from May 1973 to 

December 1976 and for VN from May 1972 to December 1976. The 

period in common to both was used for the comparison of re

sults between catchments. 

3.1 DRIVING VARIABLES 

Data used for testing the model were daily mean runoff measu

red at the outlet of each catchment and monthly stream water 

chemistry samples from the same locations (cf. Sect. 1). 

Ground water samples from a 3.7 m deep dug well gave additio

nal information. The modified model needed 40 parameters to be 

estimated (Table 2.5). 

Measured precipitation at Kloten during the summer seasons was 

corrected according to Eriksson (1980b). For the winter sea

sons, when precipitation was not measured, data from the nea

rest meteorological network station, Stalldalen, were used. 

These data were corrected for geographical differences by reg

ression (cf. Sect. 1) and for gauge inefficiency according to 

Eriksson (1980b). Air temperature, and for part of the period 

relative humidity, were measured by means of a strip chart 

recorder at a central position within the research area (at BT 

in Fig. 1.1). 

The chemical composition of precipitation water was obtained 

from the European Air Chemistry network station Forshult, 100 

km W of Kloten (Granat, 1972, Soderlund & Granat, 1982). The 

monthly concentration values from Forshul t were interpolated 

and multiplied by corrected daily precipitation to give daily 

wet deposition. 
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Table 2.5. Physical and chemical parameters for the modified 

Birkenes model. The parameter derivation was A: 

Process 

Directly measured or known from other investiga

tions, B: Estimated from stream flow characteris

tics, C: Estimated by fitting and D: Taken un

changed from the original model 

Equation Parameter derivation Parameter value 

{number of parameters} Parameter Definition reference A B c 0 so VN Birkenes Unit 

AREA Catchment area 0.24 0.63 0.41 km2 

HYDROLOGICAL SUBMODEL 

Precipitation c1 Wind and evaporation t.30 1.05 
(4) correction, sunmer 

'2 Wind, evaporation and gee- 1.56 
graphical correction, winter 

1max Rain temperature threshold 0.5 oc 

1min Snow temperature threshold -1.5 oc 

Evapotransp i rat ion LAT Latitude 2.1 59.9 58.5 

(4) Altitude 2.1 JOO 200 m a.s.l. 
AT T-Td, dewpoint depression 2.1 1.5 0.5 1.5 oc 

Reduction constant 2. J 0.5 

Snow mT Me It constant 2.5 4.0 mm (oC)-1 

(J) Tm Melt temperature threshold 2.5 o.o oc 

fret Retention capacity 2.6 0.07 

Upper reserve i r Pmin Runoff threshold J7 13 
(4) Acrit Evapotranspiration threshold JO 0.5 mm 

Ak Recession constant 2.7 0.25 0.30 0.8 mm day- 1 

Rd iv Relative percolation constant 0.25 0.25 

Lower reservoir 8max Maximum volume 90 80 

(4) 8min Runoff threshold 40 40 

8crit Evapotranspiration threshold 10 mm ,, Recession constant 2 .8 0.05 0.045 day- 1 

Deep reservoir Volume 280 
(1) 

CHEMICAL SUBMODEL 

Dry deposition 's04 Air concentration, 504 2.12 2.40 6.67 µgS04 m-3 

(6) CS02 Air concentration, so2 2.12 2.50 3.74 µgS02 m-3 

'c1 Air concentration, Cl 2.20 0.19 µgCl m-3 

0s04 Deposition rate, 504 2.12 0.40 0.20 cm s-1 
-1 

Dso2 Deposition rate, so2 2.12 0.48 0.80 cm s 

OCI Deposition rate, Cl 2.20 1.80 cm s- 1 

Upper reservoir KA Proportionality constant, so4 2.13 600 230 mm 
(6) "s04 Mineralization rate, 504 500 150 µeq m-2 day- 1 

""" 
Mineralization rate, M2 25 10 70 µeq m-2 day- 1 

Kso Solubility constant for 2.24 3.78·10-4 3.78·10-4{µeq i- 1 i-2 
synthetic gibbsite 

KG1 ){elative activity ratio,H+-M2 2.25 3.70 2.70 4.35 (µeq i-1 )t 

KG2 Relative actil'ity ratio,H+-Na 2.26 0.35 O.J7 -

Lower reservoir Kso Solubility constant for 2.24 3.78·10-4 3.78·10-4(µeq 1-1 )-2 

17) synthetic gibbsite 

Ka Adsorption rate, so4 2.18 0.015 0.0159 day -1 

[S04J0 Equlibrium concentration, so4 2.18 140 105 100 µeq r- 1 

<,., Mixing rate, Cl 2.21 50 mm day- 1 

w ~eathering coefficient 2.27' 28, 29 o.o7 0.06 o·.104 day- 1 

[H+JO Equlibrium concentration, H+ 2.27 2 5 µeq i- 1 

WM2 Net release fraction, M2 2.28, 29 0.52 0.58 
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3.2 EVAPOTRANSPIRATION PROPERTIES 

Theevapotranspiration was adjusted to obtain agreement in the 

totals of simulated and measured runoff. The agreement was 

achieved by putting the dewpoint depression, T - Td, to 1.5°c 

for s5 and 0.5°c for VN. The measured mean dewpoint depression 

was larger, 2 - 3°c for May through September. 

Best fit of runoff data was obtained by putting the evapora

tion reduction constant, a, (cf. eq. 2.3 in Table 2.1) to 0.5. 

In Fig. 2.2 the reduction function used is compared to those 

of Eagleman (1971) and Linacre (1973). It was simpler than 

Eagleman's polynomial and seemed more realistic for a catch

ment than Linacre's function. 

3.3 SNOW PROPERTIES 

The parameters in the snow routine were chosen by inspecting 

simulated and measured runoff during winter. A high numerical 

value of the melt constant, mT, gave high melting rates during 

winter, leaving little snow for the spring snow melt (cf. 

Table 2.1). By adjusting the melt temperature threshold value, 

Tm, it was possible to inhibit undesired melt periods during 

winter. 

3.4 SOIL WATER PROPERTIES 

The only drainage area at Kloten with extensive soil informa

tion is Masbybacken (Lundin, 1982; cf. MB in Fig. 1.1). Soil 

depth was 0.2 to 3.0 m, with a mean depth of 1.8 m. In the 

uppermost metre the maximum water storage was about 430 mm. At 

1.0 m water tension about 220 mm were still left and water 

content at wilting point was about 35 mm. In the depth inter

val 1. 0 to 1. 5 m only about 25 mm was drainable ( 1. 0 m ten

sion). The main part of the runoff was found to be generated 

within the top 0.6 m and flow rate decreased drastically with 

depth in the soil. 
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In the multi-run of the model the sizes of the upper and lower 

compartments was found to be not critical. The final choice 

(Table 2.5) of compartments was identified in the field. The 

upper compartment represented the humus layer and the top 2 cm 

of the mineral soil, giving 30 mm in the humus layer and 7 mm 

in the mineral soil layer as available to plants. The lower 

compartment represented the mineral soil from 2 to 16 cm 

depth, i.e. the leaching zone and the upper part of the B

horizon. The maximum water capacity was about 100 mm of which 

about 50 was drainable and another 40 mm was available to 

plants. The deep compartment, given the water volume of 280 

mm, represented the depths from 16 to 75 cm, and was thus 

slightly deeper than the runoff generating profile. 

3.5 RUNOFF RECESSION 

A classical v·1ay to describe stream flo\"l recession frorn one 

reservoir is by the equation 

- kt e 2.30 

where Qt and Q0 is runoff at times t and 0, respectively and k 

is the recession constant (cf. e.g. Hall, 1968). Unfortunately 

the recession rate changes with season, mainly due to transpi

ration (e.g. Federer, 1973; Grip, 1977 and recently Pereira & 

Keller, 1982a) . Therefore the recession constant should be 

evaluated when transpiration is nill. Computing the median k 

from daily recession segments for each month of the year, a 

minimum of 0. 065 was found for SC:5 in February, March and 

December and of 0.040 for VN in January, February and 

December. In July the median k for stream SC:5 was 0.24 and for 

stream VN 0.29, respectively. The common value of Bk = 0.05 

was adopted for the lower compartments of the two catchments 

in this application, since the choice did not have any parti

cular influence on the general fit of runoff. The recession 

constant for the upper compartment was found by fitting measu

red and simulated peak flows (cf. Table 2.5). 
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3.6 DRY DEPOSITION RATES 

The particle size weighted dry deposition velocity to a forest 

at Sjoangen (58° 46' N, 14° 18' E) was calculated by Lannefors 
-1 -1 et al. (1982) to be 0.40 cm s for sulphate and 1.8 cm s 

for chloride. Eriksson (1960) arrived at 2.36 and 1.02 cm s-l 

for chloride at Forshult and Farna bruk respectively, by com

paring chloride in precipitation and river water and knowing 

the chloride concentration in the air. Kloten is situated in 

between these two latter stations, but the deposition veloci

ties for Sjoangen were adopted as being a direct measurement. 

According to L. Granat (pers. comm.) the deposition velocity 

of sulphur dioxide to a forest is of the order of 0.6 cm s-l 

for nine months and 0.1 cm s-l for the remaining three months 
-1 of the year. For Kloten, 0.48 cm s was adopted for the whole 

year. 

At Sjoangen, the one-year average concentration of suipnate in 
-3 -3 the air was 2. 4 µgSO 4 m and of chloride 0 .19 µgel m 

(Lannefors et al., 1982). The average concentration of sulphur 

dioxide in the air, 2.5 µgso 2 m- 3 in 1974, was taken from a 

map published by Rodhe (Monitor, 1981). These chloride, sul

phate and sulphur dioxide concentrations were adopted for 

Kloten. As the shortest distance from a road, where calcium 

chloride was spread to decrease dust release, to a water di

vide of the studied catchments was 400 m, a contamination from 

that source seems unlikely. 

3.7 SOIL CHEMICAL PROPERTIES - UPPER COMPARTMENT 

All sulphur of atmospheric origin that accumulates in the 

upper compartment remains water soluble in the model. Also 

sulphur dioxide in the model, which is actually taken up from 

the air by plants, is the model delivered to the upper com

partment. The concentration of sulphate is a function of the 

total amount of sulphate on the solid phase, Fa , and on the 

water content, A, of the upper compartment (cf. Fig. 2.3). As 

the initial content of water-soluble sulphate in the humus 
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layer at Kloten was not known, it could be chosen within broad 

margins. A large amount of soluble sulphate and a large pro

portionality constant, KA, resulted in insensitivity of the 

sulphate concentration to water content changes in the upper 

compartment. KA and the initial amount of water-soluble 

sulphate were chosen to give good agreement between simulated 

and measured sulphate concentrations during the first part of 

the simulation period. 

After warm and dry periods high concentrations of sulphate and 

M2 (the sum of calcium and magnesium) were observed in stream 

water at Birkenes (Christophersen & Wright, 1981) and at Klo

ten. This is interpreted as decomposition of organic material 

and is assumed to be proportional to the time that the water 

content of the upper compartment had been less than Amin (less 

than another fixed value in the original model) • 

During the parameter estimation it seemed impossible to keep 

the mineralization of sulphate low during 1973 and still get 

mineralization enough to raise the sulphate concentration to 

the peak values of 1975 and 1976 (cf. Figs. 2.6 and 2.7). Per

haps a mechanism for the release of adsorbed sulphur in the 

lower compartment is needed. The interpretation of such a me

chanism could be the oxidation of sulphur compounds during 

aerobic conditions at low ground water stages. 

After some trail and error the mineralization of M2 in the 

model during dry spells was put to 25 (SO) and 10 (VN), µeq 

m- 2 day-l respectively (Table 2.5). This is considerably less 
-2 -1 than for the Birkenes catchment where 70 µeq m day was 

adopted (Christophersen et al., 1982) .The simulated minera

lization of sulphate at Kloten was 20 to 50 times that of M2 

while in a deciduous forest at Hubbard Brook the net minera

lization of M2 was 22 times that of sulphate (Likens et al., 

1977). The reason for this inverse relation is probably that 

in the model, cations are taken up by roots with sulphate in 

relation to their relative concentration. When sulphate is 

adsorbed, cations are also adsorbed in proportion to their 

relative concentrations. If there had been a selectivity me-
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chanism prefering M2, the mineralization of M2 would have to 

be enlarged in order to get equal measured and simulated 

stream water concentrations. 

The relative activity ratios of eqs. 2.25 and 2.26 were found 

from H+, M2 and Na concentrations in stream water at high 

flows according to Christophersen et al. (1982), when a large 

part of the runoff was from the upper soil layers. Eq 2.25 can 

be viewed as expressing the constancy of the lime potential, 

defined as pH - 0.5 pea (cf. Bolt & Bruggenwert, 1978), with 

the restriction that also the magnesium concentration is in

cluded in eq. 2.25. 

In the Birkenes model it was assumed that the amount of ex

changeable cations was approximately the same during the study 

period of six years (Christophersen et al., 1982), implying 

that the relative composition of cation deposition, minera-

lization and outflow from the upper compartment did not change 

to any great extent. Note also that the dry and wet deposi

tions of cations are omitted from the model. These flows are 

indirectly accounted for by eqs. 2.23 to 2.26. 

3.8 SOIL CHEMICAL PROPERTIES - LOWER COMPARTMENT 

In the Kloten application, where the deep compartment was in

troduced, the adsorption rate, KB , of sulphate in the lower 

compartment could be interpreted as the net rate of mixing 

between the lower and the deep compartments and the adsorption 

rate in the lower compartment. KB was adjusted for reasonable 

fit of observed and simulated sulphate decline in stream water 

during dry periods. The equilibrium concentration of sulphate 

in the lower compartment was chosen as the lowest observed 

concentration in stream water. The mixing rate for chloride 

between the lower and the deep compartments was chosen to give 

appropriate omoothing of the chloride concentration in stream 

water. 
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Weathering caused an exponential decrease in the H+-concentra

tion towards the lowest value observed at Birkenes with a 

halftime of 7 days (Christophersen et al. ,1982). After some 

trial and error the half-times at Kloten we~e put to 10 (S6) 

and 12 (VN) days respectively. From observed hydrogen ion con

centrations the equilibrium values, [H+J 0 = 4 (S6) and 2 (VN) 
-1 µeq 1 were chosen (Table 2.5). 

The net release fractions for M2 and Na, respectively, were 

found from the relative concentrations in runoff at base flow, 

when pH was high. The percolation and runoff from the upper 

soil horizons should then be minor and weathering should be 

the major cause of change in relative concentrations. Selec

tive root uptake, of calcium and of magnesium against sodium, 

also influences this change and is indirectly accounted for in 

the net release fraction. 
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4 SIMULATION RESULTS AND DISCUSSION 

The modified version of the Birkenes model gave a satisfactory 

simulation of runoff (Figs. 2.5, 2.7 and 2.8). When the measu

red concentrations of the different constituents were compared 

by linear regression to simulated concentrations in stream 

water representing the same times, the regression coefficients 

were significant at the 95 % level for chloride, sulphate and 

M2 concentrations. No significant fit was found for the sodium 

concentrations. The coefficients of variation of the simulated 

and the measured variables were identical and equal to 0 .15 

for sodium, but for M2 the simulated one was 0.45 and the mea

sured one 0.75. 

When judging the fit between measured and simulated variables, 

not only agreement at the measuring spots but also the general 

'Shape of the time series should be considered. Therefore it 

was concluded that the model simulated concentrations of sul

phate, chloride, hydrogen ion, sodium and the sum of calcium 

and magnesium in runoff from the catchments Stl and VN at 

Kloten with reasonable accuracy (Figs. 2.7 and 2.8). 

4 .1 RUNOFF 

Taking into account the potential inaccuracy in driving va

riables and the simplicity of the hydrologic submodel the si

mulated runoff seemed surprisingly good. The correction of 

precipitation seems large (Table 2.5), but not unrealistic. 

Taking into account the altitude of the Kloten area, the in

crease of precipitation with altitude and corrected precipita

tion at network stations around Kloten, it seems reliable (cf. 

Sect. 1) . 

The duration curve for Stl (Fig. 2. 5) showed that the model 

markedly underestimated the frequency of low flows and sli

ghtly overestimated the highest flow peaks. Runoff from the 
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deep compartment should be needed to realistically reproduce 

the low flows. However, the introduction of such a flow with 

accompanying chemical reactions seemed to be a too great modi

fication of the original model. In an recession analysis 

Pereira & Keller (1982b) also found three reservoirs approp

riate for the description of recession from small catchments 

in the Pre-Alps. The largest discrepancies between simulated 

and measured runoff at Kloten occurred during mild winters 

when the prediction of snow melt was of low accuracy 

(Figs. 2.7 and 2.8). The adjusted recession constant of the 

upper compartment was 20 % larger in the VN than in the SO 

catchment. That might be the effect of steeper hill slopes 

close to the stream VN than SO. 

During the common simulation period, measured runoff from SO 

was 13 % smaller than from VN, while the simulated discrepancy 

was 11 % (Fig. 2.6). The difference might almost entirely be 

caused by larger loss of intercepted water in the mature fo

rest of SO, but probably also by larger transpiration. In the 

model the difference was achieved by adjusting the dewpoint 

depression, T - T d • A corresponding result could be achieved 

by explicitly introducing different aerodynamical resistances 

into eq. 2.1 in Table 2.1. 
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Fig. 2. 6. Mean water fluxes -1 (mm day ) , mean storages (mm) 

and mean net accumulation in the compartments (mm 

day-l) from the simulation of SO (left) and VN 

(right) during the period May 1973 to December 

1976. 

4. 2 STREAM WATER CHEMISTRY 

The overall reproduction of measured stream water concentra

tions of different ions seemed reasonable (Figs. 2.7 and 2.8). 

The largest deviations between observed and simulated concen

trations occurred in connection with increased flow after dry 

spells. In the model the sulphate dynamics had a dominating 

influence on the behaviour of the other elements. 

The calcium and magnesium (M2) concentration followed the sul

phate concentration, especially at VN. The hydrogen ion con

centration realistically increased with flow and decreased 

during recession periods.The sodium concentration did not vary 

dramatically. The smallest values were reached during dry pe

riods, when the streams dried up and no measured data existed 

to prove the reality of such a decrease. A very small release 

of water from the lower reservoir at any time was allowed in 
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-2 m ) and mean net accumulation in the reser-

( µeq m-2 day- 1 ) from the simulation of Sti 

(left) and VN (right) during the period May 1973 to 

December 1976). 

the mode~ in order to get continuous records of simulated che

mistry. 

According to estimates in the literature (cf. above), the dry 
-2 _, 

deposition of sulphur (49. 7_;}1eqso_\ m day ~) consisted of an 

equivalent of 32.4 µeqso 4 m day of sulphur dioxide. In the 

field this sulphur is divided between foliage absorption and 

wash-off during precipitation events. In the model, though, 

all dry deposition is immediately delivered to the upper com

partment as soluble sulphate. This is one possible reason why 

mineralization of sulphate (Fig. 2.9) is larger (138.3 µeq m- 2 

day-l for Sti) than root uptake (114.1 µeq m- 2 day-l for Sti). 

If the dry deposition of sulphur dioxide was instead delivered 

to the organic material there would be a net accumulation of 
-2 -1 -2 -1 8.2 µeq m day or equivalently about 50 kgS km year 

Eaton et al. (1978) estimated the accumulation in a hard-wood 
-2 -1 stand at Hubbard Brook as 120 kgS km year If root uptake 

of sulphate had also been allowed from the upper compartment 
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-2 -1 that would have been of the order of 156 µeq m day giving 
-2 -1 a more realistic total root uptake of 270 µeq m day 420 

-2 -1 µeq m day was reported by Eaton et al. (1978) for a hard-

wood forest. If the root uptake had been formulated in this 

way an additional mineralization process would have to be ad

ded, but neither this modified Birkenes model nor the original 

one (Christophersen & Wright, 1981) was intended to describe 

the biological part of the sulphur cycle 

The taller stands at S5 compared to those at VN manifest 

higher root uptake of sulphate and larger mineralization (Fig. 

2.9). However, the dry depositions were arbitrarily considered 

to be of the same magnitude. In the lower reservoir of the 

model there was a net accumulation of adsorbed sulphur during 

the simulation 

sulphur in the 

period. There is no mechanism to release this 

model. At s5 the mean adsorption was 31.8 µeq 
-2 -1 m day , or about 186 -2 -1 kgS km year . Possible mechanisms 

to release this ever-increasing deposit could be reduction to 

hydrogen sulphide during wet and anaerobic conditions or oxi

dation to sulphate during dry and aerobic conditions. 

In some years the amplitude of the seasonal variation in the 

sulphate content in the upper compartment was about 50 meqso4 
m- 2 which is about 10 % of the yearly sulphate discharge. 

This shows the need to treat long periods when simulating sul

phate dynamics for small basins. Errors in estimated wet and 

dry deposition can therefore easily be compensated by changes 

in the storages. The sulphate concentration in precipitation 

during a pilot study in 1974 was 2 % higher, while the chlori

de concentration was 15 % lower at Kloten than at Forshult. No 

explanation of this fact has been attempted since between year 

variation between stations might be of that order. 

The average sulphate concentration in the stream water of S(j 

was 13 % larger than in VN for the period 1970 to 1977 (Table 

2.4). The S5 catchment contained more fens and the tree stands 

were older. The median stand height were 13 m (SB) and 2 m 

(VN), respectively (Table 2. 3). Taller trees should have a 

larger dry deposition of sulphur dioxide, but in the simula-
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-2 -1 servoirs (µeq m day ) from the simulation of SO 

(left) and VN (right) during the period May 1973 

to December 1976. 

tions the same deposition rates were used. The only model pa

rameter associated with sulphate concentration that differed 

between the two catchments was the equilibrium concentration 

of the lower compartment (cf. eq. 2.18). The simulated sul

phate discharge differed between the catchments by only 4 % 

and the measurements differed even less (Table 2.6). 

To reproduce the measured chloride concentrations in stream 
-2 -1 water a mean dry deposition of 8.3 µeq m day was added to 

wet deposition. This resulted in an increased chloride storage· 
-2 -1 in the deep ground water of about 6 µeq m day (Fig. 2.10). 

The chloride concentration in a dug well in the central part 
-1 of the research area (cf. MS in Fig. 1.1) was 17 µeq 1 in 

May 1972 while the initial concentration in the deep compart
-1 ment of VN was put to 22 µeq 1 In May 1973 the chloride 

-1 concentration in the same well was 30 µeq 1 while the ini-

tial concentration in the deep storage of SO was put to 35 µ'eq 

1-1 , and the current simulated concentration in VN was 32 µeq 
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1-1 . The final concentrations in December 1976 were 64.4 (mea

sured), 63.7 (Sti) and 58.1 (VN) µeq 1-l respectively, indi

cating a reasonable functioning of the chloride mixing in the 

deep compatrment of the model. 

The M2 (calcium and magnesium) concentration was the same for 

the two catchments during the period 1970 to 1977 (Table 2.4). 

In the stream water of Sti the Ca/Mg ratio was 1.33 and in VN 

1.83, the discrepancy possibly being caused by differences in 

mineral composition of the soils in the two catchments. During 

May 1973 to December 1976 the measured M2 discharge was 9 % 

less from the so catchment than from the VN catchment. The 

discrepancy was nearly entirely caused by the differences in 

calcium discharge. The simulated M2 discharge differed 18 % 

(Table 2.6). 

The relative activity ratio of eq. 2.25 was 3.7 (SO) and 2.7 

(VN) (Table 2.5), respectively, probably implying a lower base 

saturation of the upper soil horizons in the SO catchment than 

in VN. Postulating close to equal composition of the mineral 

soils of the two catchments (cf. Sect. 1.), the larger accu

mulated biomass at sti should lead to a lower base saturation 

(cf. Rosenqvist, 1977). 

The areal weighted current annual increment was considerably 

larger in Sti than in VN (Table 2.3). Ogner (1980) showed that 

increased growth rate gave increased soil acidity. Norwegian 

spruce (Picea abies) was grown in Umbric Dystrochreptic soil 

at constant temperature (12 and 18°c) for three years. The 

effect of differences in growth rate between clones was about 

25 times larger per year than the effect introduced by acid 

irrigation in an amount equal to the annual acid precipitation 

of Southern Norway. Without generalizing from that experiment 

it seems important to consider the growth effect on soil aci

dity. A strong correlation between decreasing pH in the A0-

horizon and increasing age of the forest was found in a sta

tistical survey of forest site conditions started in 1961/63 

and repeated in 1971/73 in connection with the National Forest 

Survey in Sweden (Troedsson, 1980). 
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Table 2.6. Measured and simulated mean discharge of water (mm 

day-l) and chemical constituents ( µeq m- 2 day-l) 

during May 1973 to December 1976 

SU VN 

Measured Simulated Measured Simulated 

Water 0.87 0.90 1.00 1.01 

(pH) (4.69) (4.74) (4.97) (4.82) 

H+ 20.4 18.2 10.8 15.3 

Ca 53.2 65.5 

Mg 39.8 37.1 

M2 (Ca + Mg) 93.0 84.1 102.6 100.6 

Na 71.2 88.3 69.9 71.7 

K 8.3 9.3 

Al 3.9 2.1 

so4 162.0 167.8 158.7 161.0 

Cl 41.5 36.2 42.2 37.7 

E cations 192.9 194.5 192.6 189.7 

E anions 203.5 204.0 200.9 198.7 

If the five reference streams (cf. Sect. 1) are sorted accor

ding to decreasing reduced activity ratio, KG 1 , for the ion 

exchange equlibrium between the hydrogen ion and M2 (calcium + 
magnesium), they are also ordered after increasing pH at high 

flows, with stream No. 20 as the only exception (Table 2.7). 

There also seems to be a connection between the hydrogen ion 

concentrations at high flows and the tree stands in the dif

ferent catchments. 
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Table 2.7. We,ighted pH, reduced activity ratio, KG 1 , and 

forest stands in five drainage areas at Kloten 

(cf. Sect. 1) 

Areal weighted mean 

current 
annual 

Drainage Weighted pH 
KGl 

age, i ncr. 
area at high flow years 3 -1 m ha 

MB 4.29 4.2 59 4.5 

SU 4.38 3.7 105 2.8 

BB 4.53 2.8 51 3.8 

VN 4.58 2.7 10 0.6 

No. 20 4.55 2.3 33 3.3 

The coefficient of determination in a linear regression with 

the product of weighted age and current annual increment as 

independant variable and the hydrogen ion concentration at 

high flows as dependant variable was 0.65 and significant at 

the 90 % level. The intercept was estimated to 22.6 and the 

regression coefficient to 0.074 respectively. The hydrogen ion 

concentration at high flows seems therefore to increase with 

stand age. The generality of this simple equation was tested 

on data from the drainage areas No. 19, before clear-cutting, 

and SN, before fertilization (cf. Sect. 1) • The pH derived 

from stream water chemistry were 4.25 (No. 19) and 4.49 (SN), 

respectively, while the pH:s estimated with the above regres

sion equation were 4.30 (No. 19) and 4.46 (SN) respectively. 

The agreement is surprisingly good and stand characteristics 

might therefore alternatively be used to estimate stream water 

pH at high flows, at least in areas with comparable vegeta

tion, geology and atmospheric supply. 
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When the reduced activity ratio, KG 1 , was alternatively tried 

as dependant variable in the above regression, the coefficient 

of determination was 0.61 and not significant, but KG 1 -values 

computed from stream water chemistry and stand characteristics 

compared favourable (stream No. 19: 3.9 and 4.2, stream SN: 

3.3 and 3.1 respectively). 

The net release fractions for M2 were 0.52 (S5) and 0.58 (VN) 

implying either more calcium and magnesium rich minerals in 

the VN area or the influence of a larger biological demand at 

s5. 

The higher sodium concentration of the stream water at s5 du

ring 1970 to 1977 is to 97 % explained by the concentration 

effect of the higher evapotranspiration rate there 

(Table 2.4). The simulated sodium discharge was 25 (85) and 11 

(VN) % too large respectively (Table 2.6). The reason for this 

may be either too small reduced activity ratios for the ion 

exchange equlibrium ( eq. 2. 2 6, Table 2. 5) or too large net 

release fractions for Na (eq. 2.29, Table 2.5). 



117 

5 CONCLUSIONS 

5.1 STRUCTURE AND PARAMETERIZATION 

The modified Birkenes model was found to be applicable to the 

two selected catchments at Kloten. A limitation of the model 

is that it does not take slow changes within a catchment into 

consideration. The accumulation of biomass and accompanying 

accumulation of sulphur and nutritive cations, the change in 

base saturation in the upper soil layers and the change in 

equilibrium concentrations within the ion exchange complex of 

the soil, as well as the absence of any desorption process for 

sulphur in the lower compartment, are examples of shortcomings 

that limit the applicability of the model. 

In spite of this, the present model has served as a good tool, 

generating questions about the relative importance of diffe

rent processes. It has given an indication of the time cons

tants of the various processes. It was also a tool that was 

enjoyable to play with and technically easy to use. Further 

applications and tests of this model must, therefore, be re

commended. 

A large number of parameters (40 of them) and the fact that 

some of them act in the same direction implies that the chosen 

parameterization is not a certain estimate of the best para

meter set. Nor is it a certain estimate of real properties. 

Other precipitation correction - evapotranspiration adjustment 

pairs could have been chosen, which would influence wet depo

sition but could be compensated for by a change in dry depo

sition. The coupling of deposition, mineralization and adsorp

tion of sulphate is another example of dependent parameter 

choice. 

The simple structure of the hydrologic submodel allowed simu

lations of runoff to be made with reasonable accuracy. On the 

other hand, it did not take spatial variability into conside-
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ration. The absence of a description of the fundamental diffe

rences between in- and outflow areas seems to be the most im

portant shortcoming of the present model structure. The repre

sentation of the model compartments in the real catchment is 

therefore somewhat arbitrary. 

The chemical parameters seem to represent processes inf luen

cing short-term variability in stream water composition. The 

chemical processes in the inflow areas will therefore be of 

less importance. In conclusion, it is not possible to find 

more than a very few parameter values from independent measu

rements and the model needs a large data set to be calibrated. 

5.2 DIFFERENCES BETWEEN CATCHMENTS 

The outputs from the two catchments, s5 and VN, were homoge

neous regarding mean values for water and all constituents but 

silica (cf. Sect. 1). The small differences that existed were 

studied by the application of the modified model. Out of the 

forty parameters in the model, two in the hydrologic and six 

in the chemical submodel differed between the catchments after 

the parameterization process. The difference in fixed dewpoint 

depressions between the catchments seemed adequate to demonst

rate differences in aerodynamical and surface resistances bet

ween the forest stands. The difference between recession con

stants of the upper compartment was interpreted as the effect 

of steeper hill slopes close to the stream VN than S5. No ef

fect of the small lake Vitalampa could be deduced from diffe

rences in model parameters. 

Differences in chemical parameters between the catchments see

med to have three possible causes: 1. Dilution effect caused 

by the higher stream flow from VN than from S5 catchment 

(equilibrium concentration for so4 in lower compartment). 2. 

Larger standing biomass and annual current increment at s5 

(the reduced activity ratios for H+ - M2 and H+ - Na, minera

lization rate for M2, net release fraction for M2). 3. Slight-
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ly different mineral composition between the catchments 

(weathering rate, net release fraction fqr M2). 

Another conclusion of this research is that a five-year period 

may be too short to calculate dry deposition of chloride from 

an input-output balance disregarding the change in storage 

within a basin. If the change in storage had not been accoun

ted for in the S5 catchment a calculated dry deposition would 
-2 -1 only have been 1. 4 instead of 8. 3 µeq m day Only an 

overestimation of the deep reservoir (280 mm) would help this 

situation. 

5.3 FUTURE DEVELOPMENTS 

As pointed out above, there is a need for a hydrologic sub

model where in- and outflow areas are explicitly given. This 

enables a differentiation between chemical processes and 

should provide a greater opportunity to identify processes and 

to independently measure model parameters. There is also a 

need for the introduction of an interception storage enabling 

differences to be considerd in evaporation and transpiration 

rates in tall forest stands and also to permit modelling of 

the transformation of precipitation chemistry into throughfall 

and stemflow chemistry. In the snow routine, fractional mel

ting would more realistically predict chemical output from a 

melting snow pack. 

At least the largest impacts of the biological processes 

should be better accounted for, such as root uptake, storage 

and mineralization. Time dependant soil chemical properties 

must be introduced to make it possible to use the model for 

long simulations and for experiments concerning, e.g., acidi

fication. 

Trials with independent parameter estimation should be con

ducted. Soil samplings and adequate mapping should be tools to 

estimate hydrological and chemical properties of the catch-
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ments. The aim should be to be independent of stream water 

chemistry for parameterization. 

In any future development of the model care should be taken 

not to make it so complicated that its present simplicity as 

regards use and understanding is lost. With or without model 

development, further confrontation with new independent data 

sets will certainly be fruitful. 



6 LIST OF SYMBOLS 

(definition of parameters are given in Table 2.5). 

Symbol Definition 

HYDROLOGICAL SYMBOLS 

Water content, upper compartment 
Percolation ratio 
Water content, lower compartment 

Actual evapotranspiration rate 
Actual evapotranspiration rate from upper compartment 
Actual evapotrarispiratiol) rate· from lower compartment 
Snow melt' rate 

MR Relative moisture content 

Prain 
P snow 
PE 

Relative moisture content, upper compartment 

Relative moisture content, lower compartment 

Recess ion constant 
Precipitation rate 

Rain part of precipitat.ion 
Snow part of precipitation 

Potential evaporation rate 
Runoff rate 

Outflow from upper compartment 
Outflow from lower compartment 
Air temperature 
Dew point temperature 
Thermal quality of precipitation 
Water equivalent of snow pack 

CHEMICAL SYMBOLS 

Al 

Cl 

CIA 

CIB 

Clc 
[CllA 

[Cl]B 

[Cllp 

Fa 
H+ 

M2 

Na 

594 
504 (AB) 

so4 (ads) 

S04 (D) 

so4(M) 

S04 (P) 

S04(QA) 

so4 CQ6 ) 

S04 (U) 

[S04]A 

[S04]B 

[S04lp 

[S04 JQ 

WH+ 

WM2 

WNa 

rn13+ ], aluminium concentration 
(C 1-],. eh loride concentration 
Amount of chloride in upper compartment 
Amount of chloride in lower compartment 
Amount of chloride in deep compartment 
Concentration of chloride in upper compartment 
Concentration of chloride in lower compartment 
Concentration of chloride in precipitation 
Amount of sulphate on solid phase in upper compartment 
[H+], hydrogen ion concentration 
EM2+], concentration of calcium + magnesium 
[Na:], Concentration of sodium 
[S04l. concentration of sulphate 
Percolation rate for sulphate from upper to lower compartment 
Adsorption rate for sulphate in lower compartment 
Ory deposition rate for the sum of sulphate and sulphur dioxide 
Mineralization rate for sulphate in upper compartment 
Wet deposition rate for sulphate 
Runoff rate of sulphate from upper compartment 
Runoff rate of sulphate from lower compartment 
Uptake rate of sulphate from lower compartment 
Sulphate concentration in upper compartment 
Sulphate concentration in lower compartment 
Sulphate concentration in precipitation 
Sulphate concentration in runoff 
Weathering rate for H+ 

Weathering rate for M2 
Weatheri iig rate for Na 

Unit 

mm 

mm 
mm day- 1 

mm day- 1 

mm day- 1 

mm day- 1 

day-1 

mm day- 1 

mm day-1 

lllTI day-1 

mm day-1 

mm day-1 

nun day- 1 

mm day- 1 

oC 

QC 

mm 

µeq 1-1 

µeq i-1 

µeq m-2 

µeq m-2 

µeq m-2 

µeq 1-1 

µeq 1-1 

µeq i-1 

µeq m-2 

µeq i-1 

µeq 1-1 

µeq 1-1 

µeq 1-1 

µeq m-2 day-1 

µeq m-2 day-1 

µeq m-2 day-1 

µeq m-2 day-1 

µeq m-2 day"1 

µeq m·2 day-1 

µeq m·2 day-1 

µeq m·2 day-1 

µeq 1-1 

µeq 1-1 

µeq 1-1 

µeq 1·1 

µeq m-2 day-1 

µeq m-2 day-1 

µeq m"2 day-1 
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SUMMARY 

This thesis is divided into two sections. In the first, natu

ral stream water composition and discharges formed the basis 

for analysis of the effects of forest fertilization and clear

cutting. This approach yields relations between the different 

compounds in stream water and the statistical homogeneity in 

space and time, as well as background concentrations and dis

charges of these compounds. The effects of the treatments were 

then evaluated as the differences between discharges after 

treatment and background discharges. 

In the second section, the analysis of natural stream water 

composition is developed further by comparing two catchments 

using simulation technique. A Norwegian model explaining con

centrations of the major ions in stream water was modified and 

parameterized. Then the model parameters, the state variables 

and the flows were compared between the catchments. 

Natural stream water composition and the effect of clear

cutting and forest fertilization with ammonium nitrate and 

Urea on stream water chemistry was studied in small drainage 

areas (0 .13 - 2. 31 km2 ) at Kloten (59°54 'N, 15°50 'E) during 

1969 - 1977. 

The climate at Kloten was characterized by long winters and 

rather high precipitation (927 mm year-1 , corr.). The central 

part of the area is at 250 - 350 m a.s.l., while the drainage 

areas in the southeast are at 150 - 250 m a.s.l., partly below 

the highest marine coastline, here 180 - 190 m a.s.l. The bed

rock consists mainly of hard rocks; granites in the central 

part and acid volcanics in the southeast. Shallow till covers 

most of the area and is of local character. Mires cover about 

5 % of the area. The soil material is coarser near the surface 

than further down, implying main runoff formation in shallow 

soil horizons. 



124 

The forests are made up of mixed coniferous trees with occa

sional birchs. The tree layer is not homogeneous in any of the 

drainage basins studied, but is varied in a mosaic pattern 

with respect to species and age. 

Runoff was measured in five of the streams reported here. Five 

streams were used as references, five were fertilized with 

Urea, two with ammonium nitrate and four were in clear-cut 

areas. The water chemistry samplings started in 1969 and run

off was measured from 1970. The management phase started in 

1972 with fertilizations and continued in 1973 with clear

cuttings. 

Analysis of variance was used to investigate the homogeneity 

in space and time of runof f and concentrations and discharges 

of different chemical constituents. Cluster analysis was per

formed to find relations between constituents. 

Monthly runof f was found to be inhomogeneous in space and time 

regarding mean values. Time variation exceeded space variation 

ten-fold and the variation between years was 50 % less than 

the seasonal variation. Mean runoff (1970 - 77) varied between 
-1 482 for stream VN and 416 mm year for stream S~. The flow 

regime was characterized by a dominant snow-melt runoff in 

April - May and a secondary peak in late fall. June had the 

lowest runoff. 

The concentrations of the larger constituents and conductivity 

are low in stream water at Kloten. The quantitative distribu

tion of the larger constituents on an equivalent basis is 
++ + ++ + -- - . Ca ~ Na > Mg > K and so4 > Cl , while Hco3 only occa-

sionally occurs. The correlation between runoff on the day of 

sampling and the concentration of the different chemical con

stituents grouped the material mainly into two clusters, one 

dominated by sodium and further containing silica, calcium, 

magnesium, chloride, sulphate but also combined phosphorus and 

organic nitrogen and another with elements positively correla

ted to runoff and consisting of ammonium, nitrate and potas-
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sium. The hydrogen ion concentration was also positively cor

related to runoff. 

The variations in mean concentrations of the different chemi

cal constituents in space and time were mostly large. On the 

99 % significance level there were differences in mean concen

trations between reference streams, between years and between 

months for all analysed constituents except combined phospho

rus (between streams) and ammonium (between months), which 

both had non-significant differences. The coefficients of va

riation were considerable in space and time for all consti

tuents except chloride and conductivity, for which they were 

unimportant between months. 

-2 -1 The total nitrogen discharge was 106 kg km year during 

1970 77. The organic nitrogen discharge amounted to more 

than 80 % of the total nitrogen leaching, and of the inorganic 

fraction, nearly 80 % was nitrate. Discharges of other ele-

ments were; total-P = 5 • 1 I Ca = 670, Mg = 250, Na = 780, 

K = 200, so4-s = 1 360, Cl = 750 and Si = 1 500 kg km -2 

-1 year The chemical oxygen demand (KMno4-consumption) was 
-2 -1 16 800 kg km year 

Immediately after the fertilizations, which were applied from 

the air, high nitrogen concentrations were found in stream 

water caused by fertilizers falling directly into the stream 

channels or at outflow areas adjacent to it. Therefore, fer

tilizations should be conducted during dry spells. After 

ammonium nitrate application in the MB area the maximum nitro

gen concentrations measured in stream water were 22. 3, 25. 0 
-1 and 6. 0 mgN 1 of ammonium, nitrate and organic nitrogen, 

respectively. The concentrations before fertilization were 
-1 0.02, 0.01 and 0.23 mgN 1 of the same nitrogen fractions. 

The maximum nitrogen concentrations after Urea application in 

area No. 13 were 4.4, 0.06 and 9.9 mgN 1-l of ammonium, ni

trate and organic nitrogen respectively. The nitrogen concen

trations in stream water before treatment of drainage area No. 

13 were about the same as in MB. 
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After Urea fertilization the total excess leaching of the dif-

ferent constituents from 

to four years amounted to 

organic-N = 153, P04-P = 

Mg 480, Na 720, K 

treated areas during the first three 
+ H = -14.2, NH 4 -N 

0.4, cornbined-P 

180, so4-s 

= 59, N03 -N = 526, 

-3.0, Ca = 1 040, 

950, Cl 570 and 
-2 Si = 870 kg km , respectively. After ammonium nitrate fer-

266, tilization they were H+ 3. 2, 59, 

organic-N = 161, P04-P = -0.9, combined-P = 7.7, Ca = 40, 

Mg 

Si 

40, Na -150, K = 90, so4-s 120, Cl -60 and 
-2 -430 kg km , respectively. While being close to normal 

during summer, the nitrate concentration in stream water du

ring the dormant season was higher than normal for 3 - 4 

years. A total of 2 - 9 % of the applied nitrogen was lost as 

discharge. 

No significant changes in runof f were found after fertiliza

tion, but after clear-cutting of drainage area MB, runoff in

creased by 37 mm during winter and 142 rn.rn during summer. Snow 

melted faster after clear-cutting. 

During the first few months after clear-cutting the leaching 

of dissolved organic matter, particulate matter and ammonium 

nitrogen increased. The maximum concentrations were only occa

sionally higher than the maximum values observed in the refe

rence material. As after fertilization, many constituents 

showed cyclical deviations in mean values and variance ratios 

after clear-cutting. Normally, significant deviations were 

found only during parts of the years. 

During the first three years mean excess leaching after clear-

cutting of four drainage areas amounted to H+ -11.9, 

NH4-N = 107, N03N 209, organic-N 724, P04-P 13.5, 

cornbined-P = 27.3, Ca 1 360, Mg 130, Na= 730, K 2 220, 
-2 so4-s = 660, Cl = 1 230 and Si = 1 030 kg km respectively. 

Maximum excess leaching of ammonium was measured in the second 

year after clear-cutting, whereas the nitrate leaching succes

sively increased during the three years of observation and was 

9.3 times lar~er than reference values during the third year. 
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Calculated excess leaching after treatments seemed consistent, 

although some large differences between streams occurred. When 

only a part of a drainage area was treated, calculated excess 

leaching was considered to come from that part only. Changes 

in stream water composition seemed to be substantial along a 

stream channel. Therefore, the position of a partial treatment 

within a drainage area is important and should be considered 

in future investigations. Further, the inhomogeneity regarding 

mean values of the studied elements between reference streams, 

even in an area of rather uniform geology and climate, must be 

considered in future experiments where the technique of compa

ring an object with a reference will be used. The whole in

vestigation area must be under full control and relations 

should be established before the management phase, enabling 

judgements to be made of which changes can be detecte.d. 

In order to test the generality of the model and to get a 

deeper insight into the chemical behaviour of two catchments, 

in which the stream water chemistry did not differ signifi

cantly at the 95 % level, the Norwegian hydrochemical model 

(the Birkenes model) was applied to catchments S6 and VN, re

spectively. 

The model contained three compartments, viz. upper (humus} , 

lower (mineral) and deep (mineral) soil layers and described 

main chemical processes in them. The dynamics of water, sul

phate, chloride, hydrogen ion, aluminium, calcium + magnesium 

(M2) and sodium were treated. The modifications from the ori

ginal model were mainly the introduction of a deep compartment 

and a snow routine, the alteration of the evapotranspiration 

formulation and the treatment of chloride and sodium. 

The model was parameterized for a four- and a five-year period 

respectively, since short simulation periods give poor parame

ter estimates when large storages, as those of sulphate, are 

involved. 

Data used for testing the model were daily mean runoff from 

the catchments and monthly stream water chemistry samples. 
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Corrected daily precipitation and daily mean air temperature 

at Kloten together with monthly mean sulphate and chloride 

concentrations in precipitation at Forshult (100 km W of 

Kloten) were used as driving variables. 

Altogether 40 parameters needed to be estimated, of which 14 

were taken from the literature, 7 were found from stream flow 

characteristics, 18 were optimized and one was taken unchanged 

from the original model application at Birkenes, Norway. As 

some of the parameters act in the same direction, the chosen 

parameterization is not a reliable estimate of the best set 

and neither is it a reliable estimate of real properties. 

In spite of the model's simplicity, runoff was well simulated. 

The concentrations of chloride, sulphate, M2, hydrogen ion and 

sodium were simulated with reasonable accuracy, while no data 

for the validation of the simulated aluminium concentration 

was available. 

A limitation of the model was that it did not take slow cha

nges within the catchment into consideration. Other examples 

of shortcomings that limit the applicability of the model are 

the acccumulation of biomass and accompanying accumulation of 

sulphur and nutritive cations, the change in base saturation 

in the upper soil layers, and the change in equilibrium con

centrations within the ion exchange complex of the soil, as 

well as the absence of any desorption process for sulphur in 

the lower compartment. Spatial variability within a catchment 

was not accounted for either. Still, the present model served 

as a good tool, generating questions about the relative impor

tance of the different processes. 

Two hydrological and six chemical parameters differed between 

catchments S~ and VN after the parameterization process. The 

differences in hydrological parameters were interpreted as 

differences in evapotranspiration properties caused by diffe

rences in forest stands (the fixed dewpoint depression) and as 

the effect of steeper hill slopes being closer to the drainage 
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net at VN than at sll (the recession constant for the lower 

compartment). 

The differences in chemical parameters seemed to have three 

possible causes: 1. Dilution effect caused by the higher 

stream flow at VN than at Sll (the equilibrium concentration of 

sulphate in the lower compartment). 2. Larger standing biomass 

and current annual increment at Sll (the reduced activity ra

tios for H+ - M2 and H+ - Na, the mineralization rate for M2 

and the net release fraction for M2). 3. Slightly different 

mineral composition between the catchments (the weathering 

rate and the net release fraction for M2). 

The hydrogen ion concentration at high flows and the reduced 

activity ratio for H+ - M2 could be deduced from the product 

of weighted stand age and current annual increment, the inter

pretation of which is the soil acidification from biomass ac

cumulation. 
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SAMMANFATTNING 

Avhandlingen omfattar tva delar. I den forsta utgor den natur

liga vattenkeniin basen for analysen av effekterna av skogs

godsling och kalhuggning. Denna bas ger dels relationerna mel

lan de olika kemiska konstituenterna i vattendragen och dessas 

statistiska homogenitet i tid och rum och dels bakgrundskon

centrationer och transporter for effektanalysen. Effekterna av 

behandlingarna utvarderas som skillnaderna mellan de funna 

transporterna och bakgrundstransporterna. 

I den .andra delen fors analysen av den naturliga vattenkemin 

vidare genom att tva avrinningsomraden jamfors i en hydroke

misk modell utvecklad i Norge. Modellen forklarar koncentra

tionen av viktigare joner i avrinningen. Modellparametrarna 

bestamdes for de bada avrinningsomradena varefter modellpara

metrar, magasin och floden jamfordes. 

Den naturliga vattenkemin och effekten av kalhuggning och 

skogsgodsling med ammoniumnitrat (AN) och Urea pa vattenkemin 

studerades i sma avrinningsomraden (0.13 - 2.31 km2 ) i Kloten 

(59°54'N, 15°50'E) aren 1969 till 1977. 

Klimatet i Kloten karaktariseras av langa vintrar och tamligen 

hog nederbord (927 mm ar-1 , korr.) •. Den centrala delen av om

radet ligger mellan 250 och 350 m o.h., medan avrinningsomra

dena i sydost ligger mellan 150 och 250 m o.h. och darmed del

vis under hogsta kustlinjen som har gar 180 till 190 m o.h. 

Berggrunden i de centrala delarna bestar mest av granit och i 

de sydostra delarna av leptit. Tunn moran av lokal karaktar 

tacker storsta delen av omradet. 5 % tacks av myr. Moranen ar 

grovre nara markytan an langre ner, vilket gor att huvuddelen 

av avrinningen bildas i de ovre marklagren. 

Omradet tacks av barrblandskog med enstaka inslag av bjork. 

Skogstacket ar inte enhetligt utan bestar av manga sma be

stand. 
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Avrinningen mattes i fem av de backar som redovisas har. Fem 

backar anvandes som referenser, medan fem Urea-godslades, tva 

AN-godslades och fyra kalhoggs. Kemiprovtagningen startade 

1969 medan avrinningen borjade matas 1970. 

Variansanalys anvandes for att undersoka vattenforingens och 

vattenkemins homogenitet i tid och rum, medan samband mellan 

de olika amnena undersoktes med klusteranalys. 

Manadsmedelavrinningen var inhomogen i tid och rum med avseen

de pa medelvarden. Tidsvariationen oversteg rumsvariationen 

tio ganger och mellanarsvariationen var 50 % mindre an sasong

variationen. Medelavrinningen (1970 - 1977) varierade mellan 

482 mm ar-l for avrinningsomradet VN och 416 for S~. Regimen 

karaktariserades av ett dominerande varf lode i april - maj och 

en andra, lagre, flodesstopp pa senhosten. Juni hade den 

lagsta vattenforingen. 

Koncentrationen av de storre konstituenterna och konduktivite

ten ar lag i avrinningen i Kloten. Den kvantitativa fordel-
. d .. k . t t .. c ++ + ++ + ningen av e storre onsti uen erna ar a ~ Na > Mg > K 

och so~-> Cl-, medan Hco; endast sallan forekommer. Korrela

tionen mellan medelvattenforingen, provtagningsdagen och kon

centrationen av de olika konstituenterna grupperade materialet 

i huvudsak i tva kluster, varav den ena dominerades av natrium 

och vidare inneholl kisel, kalcium, magnesium, klorid och sul

fat men ocksa ovrig fosfor och organiskt kvave och den andra 

av element som var positivt korrelerade till avrinningen. Den 

gruppen bestod av ammonium, nitrat och kalium. Vatejonkoncen

trationen var ocksa positivt korrelerad till avrinningen. 

Som regel var variationen i medelkoncentrationerna i tid och 

rum stor for de olika kemiska konstituenterna. Pa 99 % signi

fikansniva var det skillnad i medelkoncentrationer mellan re

ferensbackar, mellan ar och mellan manader for alla analysera

de konstituenter utom for ovrig fosfor (mellan backar) och for 

ammonium (mellan manader) , som bada hade icke-signifikanta 

skillnader. Variationskoefficienterna var vasentliga i tid och 
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rum for alla konstituenter utom for klorid och ledningsforma

ga, dar de var mattliga mellan manader. 

T t t t 'k ·· va-r 106 kg- 2a"r-l ranspor en av o a ... -vave fOr tiden 1970 -

1977. Det organiska kvavet utgjorde mer an 80 % av totalkvavet 

medan nastan 80 % av de oorganiska kvavet var nitrat. Tran

sporten av ovriga amnen var: total-P = 5 .1, Ca = 670, Mg = 

250, Na = 780, K = 200, so4-s = 1 360, Cl = 750 och Si = 1 500 
-2 -1 kg km ar . Permanganatforbrukningen i backvattnet var 16 800 
-2 -1 kg km ar . 

Omedelbart efter f lyggodslingarna observerades hoga kvavekon

centrationer i backarna, beroende pa att godselmedel fallit 

direkt i backarna eller pa utstromningsomradena. Flyggods

ling bar darfor utforas under torrperioder. Efter AN-gods

lingen av MB:s avrinningsomrade uppmattes maximalt 22.3, 25.0 
-1 och 6.0 mgN 1 av ammonium, nitrat respektive organiskt kva-

ve. Fore godslingen var kvavehalterna respektive 0.02. 0.01 

och 0.23 mgN 1-1 . De maximalt uppmatta kvavehalterna efter 

Urea-godslingen av omradet No. 13, var 4.4, 0.06 och 9.9 mgN 
-1 1 av respektive ammonium, nitrat och organiskt kvave. Kvave-

halterna fore godslingen var ungefor densamma som i MB. 

Den total okningen av transporten av de olika amnena efter 

Urea-godslingarna var H+ = -14.2, NH 4-N = 59, N03-N = 526, 

organiskt-N = 153, P04-P = 0.4, ovrigt-P = -3.0, Ca= 1 040, 

Mg= 480, Na= 720, K = 180, S04-S = 950, Cl= 570 och Si 

870 kg km - 2 Efter AN-godslingarna var totala okningen H+ = 

3.2, NH4-N = 59, N03-N = 266, organiskt-N = 161, P04-P = -0.9, 

ovrigt-P = 7.7, Ca= 40, Mg= 40, Na= -150, K = 90, so4-s = 

120, Cl= -60 och Si= -430 kg km- 2 . Medan nitratkoncentratio

nerna snabbt var normala under somrarna, var de hogre an nor

malt under vintrarna i tre till fyra ar. Totalt 2 - 9 % av 

kvavegivan forlorades med avrinningen. 

Ingen signifikant forandring av avrinningen kunde konstateras 

efter godslingarna, medan avrinningen okade 37 mm under vin

tern och 142 mm under sommaren efter kalhuggningen av MB. Sno

smaltningen var ocksa snabbare. 
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Under de forsta manaderna efte en kalhuggning okade halterna 

av lost organiskt material, partikulart material och ammonium

kvave. De hogsta koncentrationerna var dock endast vid nagra 

tillfallen hogre an de maximala halterna i referensmaterialet. 

Pa samma satt som efter godsling visade efter kalhuggningarna 

manga element en cyklisk avvikelse i medelvarden och varians

kvoter gentemot referensdata. Vanligen var avvikelserna sig

nifikanta endast under en del av aret. 

Den totala 

tre forsta 

107, N03-N 

27. 3, Ca = 

Cl = 1 230 

okningen av transporten av de olika amnena under de 

aren efter kalhuggningarna var H+ = -11.9, NH4-

209, organiskt-N = 724, P04-P = 13.5, ovrigt-P 

1 360, Mg= 130, Na= 730, K = 2 220, S04-S = 660, 

och Si 1 030 kg km- 2 . Det storsta ammoniumlacka-

get uppmattes andra aret efter kalhuggningarna', medan nitrat

lackaget successivt okade under de tre ar matningarna pagick 

och var 9. 3 ganger sa start som referensvardena det tredj e 

aret. 

Trots att nagra stora avvikelser konstaterades, verkade det 

beraknade lackaget efter behandlingarna konsistent. Nar endast 

en del av ett avrinningsomrade behandlats, antogs hela avvi

kelsen harrora fran den behandlade ytan. Den kemiska Lorand

ringen langs ett vattendrag var star, varfor den behandlade 

ytans lage i avrinningsomradet ar betydelsefull och maste be

aktas i framtida undersokningar. Vidare maste inhomogeniteten 

med avseende pa medelvarden, till och med i ett omrade som 

Kloten med likartad geologi och klimat, beaktas nar tekniken 

med jamforelser mellan ett obj ekt och en referens anvands. 

Undersokningsomradet maste helt kontrolleras och samband mel

lan objekt och referens bar alltid etableras innan ett ingrepp 

gors, sa att man kan bedoma vilka forandringar som kan fast

stallas. 

For att fa en djupare forstaelse av tva avrinningsomradens 

kemi valdes VN och SO, som inte signifikant (95 %) skilde sig 

at, for vidare analys med simuleringsteknik. Den norska 

Birkenes-modellen modifierades och anpassades till dessa. 
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Den modifierade modellen bestod av tre magasin, ovre (humus), 

nedre (mineral) och djupa (mineral) jordlager, och beskrev 

viktigare kemiska processer i dessa. Dynamiken hos vatten, 

sulfat, klorid, vatejoner, aluminium, kalcium + magnesium (M2) 

och natrium behandlades. De huvudsakliga forandringarna av den 

ursprungliga modellen var att de djupa magasinet och snoruti

nen infordes, avdunstningsformuleringen andrades och klorid 

och natrium introducerades. 

Parametervarden bestamdes pa en fyra och en fem ar lang data 

serie, eftersom korta simuleringsperioder ger daligt bestamda 

parametrar, nar stora magasin, som for sulfat, ar involverade. 

Dygnsmedelavrinning och manatliga kemiprov i avrinningarna an

vandes for att testa modellen. Korrigerad dygnsnederbord och 

dygnsmedeltemperatur i Kloten tillsammans med manadsmedelkon

centrationer av sulfat och klorid i Forshult (100 km W om 

Kloten) anvandes som drivvariabler. 

40 parametrar maste bestammas, av vilka 14 kunde tas fran lit

teraturen, 7 kunde harledas ur avrinningen, 18 togs fram genom 

optimering och en togs oforandrad fran den ursprungliga mo

dellanpassaningen i Birkenes, Norge. Eftesom nagra parametrar 

drar at samma hall ar de funna parametrarna inte sakert de 

basta, de ar heller inte sakert en bra skattning av verkliga 

egenskaper hos avrinningsomradena. 

Trots modellens enkelhet simulerades avrinningen bra. Kon

centrationen av sulfat, klorid, M2, vatejoner och natrium si

mulerades med acceptabel noggrannhet, medan inga data fanns 

tillgangliga for att verifiera simulerade aluminiumkoncentra

tioner. 

En begransning hos modellen var att den inte tog hansyn till 

langsamma forandringar i avrinningsomradena. Okningen av bio

massa och darmed foljande okning av svavel och baskatjoner i 

biomassan, andringen i basmattnadsgrad i de oversta jordlagren 

och andringen i jamnviktskoncentrationer i markens jonbytes

komplex, liksom franvaron av varje process som frigor svavel i 
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det nedre magasinet ar exempel pa svagheter som begransar mo

dellens anvandbarhet. Inte heller rumslig variation tar model

len hansyn till. Modellen har andock visat sig vara ett an

vandbart instrument som genererat fragor om de olika proces

sernas relativa betydelse. 

Tva hydrologiska och sex kemiska parametrar var olika for de 

tva avrinningsomradena. Skillnaden i hydrologiska parametrar 

tolkades som skillnader i avdunstningsforhallanden pa grund av 

skillnader i bestand (den konstanta angtrycksnedsattningen) 

och som effekten av brantare sluttningar nara backen i VN an i 

SO (recessionskonstanten for det nedre magasinet.). 

Skillnaderna i kemiska parametrar verkade ha tre olika orsa

ker: 1. Utspadningseffekten orsakad av hogre avrinning i VN an 

i SO (jamnviktskoncentrationen for sulfat i det nedre magasi

net). 2. Storre total biomassa och lopande tillvaxt i so (de 

reducerade aktivitetskvoterna for H+ - M2 och H+ - Na, minera

liseringshastigheten for M2 och nettoandelen frigjort M2). 

3. Nagot olika mineralsammansattning for de tva avrinningsom

radena (vittringshastigheten och nettoandelen frigjort M2). 

Vatejonkoncentrationen vid hoga floden och den reducerade ak

tivi tetskvoten for H+ - M2 kunde beraknas ur produkten av vagd 

bestandsalder och lopande tillvaxt. Dessa samband kan tolkas 

som markforsurning genom biomasseackumulation. 
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