
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2014

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1194

Water Quality in Swedish Lakes
and Watercourses

Modeling the Intra-Annual Variability

JULIA HYTTEBORN

ISSN 1651-6214
ISBN 978-91-554-9078-2
urn:nbn:se:uu:diva-234480



Dissertation presented at Uppsala University to be publicly examined in Hambergsalen,
Villavägen 16, Uppsala, Friday, 5 December 2014 at 10:00 for the degree of Doctor of
Philosophy. The examination will be conducted in English. Faculty examiner: Bergström
Ann-Kristin (Department of Ecology and Environmental Science, Umeå University).

Abstract
Hytteborn, J. 2014. Water Quality in Swedish Lakes and Watercourses. Modeling the Intra-
Annual Variability. Digital Comprehensive Summaries of Uppsala Dissertations from the
Faculty of Science and Technology 1194. 39 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-554-9078-2.

Water quality is of great importance for ecosystems and society. This thesis characterized and
modeled the variation in several key constituents of Swedish surface waters, with particular
consideration given to intra-annual variability and sensitivity to climate change. Cyanobacterial
data from 29 lakes and basins as well as total organic carbon (TOC) from 215 watercourses
were used. Extensive data on catchment characteristics, morphometry, discharge, temperature
and other water chemistry data were also analyzed. Models characterizing the seasonality
in cyanobacterial concentration and relative cyanobacterial abundance were developed with
common lake variables. Concentrations of TOC, iron and absorbance were simulated using
discharge, seasonality and long-term trend terms in the Fluxmaster modeling system. Spatial
patterns in these model terms were investigated, and the sensitivity of cyanobacteria and TOC
to future climate was explored.

Nutrients were the major control on cyanobacterial concentration seasonality, while
temperature was more important for relative cyanobacterial abundance. No cyanobacterial
blooms occurred below a total phosphorus threshold of 20 µg l-1. Discharge and seasonality
explained much of the intra-annual variability in TOC, but catchment characteristics could only
explain a limited amount of the spatial patterns in the sensitivity to these influences. North
of Limes Norrlandicus the discharge term had a larger impact on the TOC concentration in
large catchments than in small catchments, while south of Limes Norrlandicus the seasonality
had a larger impact in small catchments than in larger catchments. According to the climate
change scenarios, both TOC and cyanobacterial concentrations will be higher in the future. The
cyanobacterial dominance will start earlier and persist longer. The spring TOC concentration
peak will come earlier. The changes in TOC loads are more uncertain due to predicted declines
in discharge.

Parsimonious statistical regression models could explain observed variability in
cyanobacteria and TOC. For predictions, these models assume that future aquatic ecosystems
will exhibit the same sensitivity to major drivers as in the past. If this proves not to be the case,
the modeling can serve as a sentinel for changing catchment function as indicated by degradation
in model performance when calibrations on older data are used to model later observations.
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Abbreviations 

Cb Cyanobacteria 
TP Total phosphorus 
TN Total nitrogen 
TN:TP Total nitrogen to total phosphorous ratio 
Chl Chlorophyll 
T Water temperature 
gs Growing season defined as June to August 
WQ Water quality 
Fe Iron 
AbsF Filtered absorbance 
AbsUnF Unfiltered absorbance 
TOC Total organic carbon 
DOC Dissolved organic carbon 
TOCc TOC concentration 
TOCl TOC load 
SEPA Swedish Environmental Protection Agency 
a0 The constant in the model (Eq. 1 and 2) 
a1 The discharge coefficient (Eq. 1 and 2) 
a4 The trend coefficient (Eq. 1 and 2) 
A The amplitude in the seasonality term (Eq. 1) 
c The offset controlling the timing of peak in the season-

ality term (Eq. 1) 
aS The soil temperature coefficient (Eq. 2) 
Tsoil,lag The soil temperature with a lag time (Eq. 2) 
Fluxmaster Modeling system for estimation of daily load in water-

courses (Schwarz et al., 2006) 
PTHBV Daily air and precipitation data, spatially interpolated 

on 4x4 km grid (Johansson, 2002)  
HYPE Model of daily discharge (Lindström et al., 2010) 
NSE Nash-Sutcliffe efficiency index (Nash and Sutcliffe,

1970) 
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Introduction 

Water quality variables in Swedish surface waters 
Good water quality is of great importance for ecosystems and society. Long-
term monitoring data in lakes and watercourses are essential to understand 
changes in water quality variables, and distinguish human influences from 
natural changes (e.g. Lovett et al., 2007). Anthropogenic influence on sur-
face waters as well as natural patterns appears both as long-term trends and 
changes in short term variability. To conduct trend analysis in different vari-
ables systematic long-term data is essential. The effect of mitigation efforts, 
such as recovery from acidification (Ormerod and Durance, 2009) and the 
introduction of chemical phosphorus removal in Swedish wastewater treat-
ment plants (Forsberg and Ryding, 1985) also require long-term data. In 
Sweden, monitoring of surface water chemistry and biota started decades 
ago (Fölster et al., 2014).  

Environmental data are more or less variable both spatially and temporal-
ly. Biological variables are in general more variable then water chemistry 
variables. A measure of the variability is the coefficient of variance (CV), 
the ratio between the standard deviation and the mean value. In Table 1 the 
CV values from water quality variables used in this thesis are presented. 
 
Table 1. CV values in lakes and watercourse variables used in this thesis. 

Variable CVMedian CVMin CVMax N 

CbLake,Aug 1.08 0.41 2.88 29 
ChlLake, gs 0.52 0.25 1.53 29 
TPLake,gs 0.38 0.20 0.77 31 
TLake,gs 0.14 0.09 0.37 29 
TOCWatercourses,Annual 0.28 0.11 1.12 215 
FeWatercourses,Annual 0.51 0.21 4.49 112 
AbsFWatercourses,Annual 0.36 0.17 1.18 112 
AbsUnFWatercourses,Annual 0.39 0.15 1.58 112 
DischargeAnnual 1.19 0.29 2.13 215 
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Total organic carbon (TOC) and cyanobacteria, used in this thesis, are two 
key variables that characterize the status of and changes in surface waters. 
All four papers in this thesis used monthly long-term data from numerous 
Swedish lakes or watercourses. By using many aquatic systems, models can 
be developed and regional variations investigated.  

Environmental models are tools which are often used in environmental 
science. The goals in applying environmental models are often to understand 
processes and to predict the variability in environmental variables. Not all 
variability can be explained however. Reasons for this can be that some ex-
planatory variables are missing or it might also be a scale problem. If the 
variability is high in the target variable on a small spatial or temporal scale, 
the explanatory variables have to be on the same scale. 

TOC is a critical water quality variable for aquatic ecosystems which reg-
ulates productivity and living conditions for biota as short term variation in 
the TOC concentration effect the phytoplankton and bacterial composition 
(Jansson et al., 2000; Drakare et al., 2002). TOC also affect the suitability of 
drinking water (Karlsson et al., 2009; Kullberg et al., 1993). Long-term 
trends of increasing annual mean TOC concentrations in watercourses have 
received considerable attention (Clark, et al., 2010; Monteith et al., 2014). In 
addition to widespread changes in annual TOC concentration, there are also 
large intra-annual TOC variations (Winterdahl et al., 2014) that generally 
exceed the year to year changes. These rapid and large intra-annual changes 
can be just as important to aquatic life and drinking water quality as long-
term changes.  

Potential drivers of inter-annual trends in TOC include recovery from 
acidification due to decrease in anthropogenic SO4

2- deposition (Monteith et 
al., 2007; De Wit et al., 2007), changes in temperature (Freeman et al., 
2001; Sarkkola et al., 2009), changes in precipitation and discharge (Hongve 
et al., 2004; Köhler et al., 2008; Ågren et al., 2008; Lepistö et al., 2014) as 
well as combinations of these (Futter et al., 2009; Erlandsson et al., 2008). 
When it comes to the factors influencing short term variability on the intra-
annual scale, discharge and temperature are often discussed (e.g. Dawson et 
al., 2008; Köhler et al., 2009). Changes in short term variation due to cli-
mate change are a potential concern to ecosystems (Futter et al., 2009). This 
can be due to direct effects of climate such as discharge and temperature, or 
changes in how the ecosystem responds to these drivers. 

Given the sensitivity to discharge and temperature there are concerns 
about TOC concentration in the future as climate changes. Here we simulate 
daily TOC concentration over the course of two decades using daily dis-
charge and a seasonality term (Paper II). This is a basis for looking into the 
future of TOC concentration with the help of climate scenarios (Paper IV). 
Future climate scenarios for Sweden suggest warmer temperature and gener-
ally higher precipitation, as well as larger regions with rain during the winter 
instead of snow. This will probably give higher discharge in many parts of 
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Sweden (Yang et al., 2010). Discharge is one of the most direct controls of 
TOC concentration in watercourses (Winterdahl et al., 2014). The reason 
that wetter conditions yield higher TOC concentrations is often explained as 
more superficial, TOC-rich flow paths in the riparian zone and wetlands 
(Grabs et al., 2012, Köhler et al., 2008, Winterdahl et al., 2011). 

For lake water quality bloom forming cyanobacteria are a major concern. 
They are a nuisance and sometimes a threat to people and animals (Chorus 
and Bartram, 1999; Carvalho et al., 2011; Beaulieu et al., 2013). Bathing in 
a toxic cyanobacterial bloom can cause skin problems and consumption of 
water polluted with cyanotoxins can affect the liver and the nervous system 
(Sivonen and Jones, 1999; Elliott, 2012). 

Several abiotic factors are known to favor cyanobacterial growth, for ex-
ample high total phosphorus concentration (TP), low total nitrogen to total 
phosphorus ratio (TN:TP) and high temperature (Hyenstrand et al., 1998; 
Håkanson et al., 2007). Some cyanobacterial species have competitive ad-
vantages relative to other phytoplankton, for example in the ability to fix 
nitrogen, to stay floating in the photic zone and phosphorous uptake from the 
sediments before migration to the epilimnion (Pettersson et al., 1993). High-
er temperature also increases the relative abundance of cyanobacteria (El-
liott, 2012). It is therefore of substantial importance to develop models that 
can simulate and predict the frequency and magnitude of cyanobacterial 
blooms as it could help to take measures against blooms. Modeling is espe-
cially important as changes in the climate are likely to affect the cyanobac-
trial blooms (Elliott, 2010; 2012). 

In highly variable cyanobacterial datasets the problem with variability and 
scale has previously been dealt with in modeling contexts by either using 
physical models operating on a short time scale in single lake (such as Elliot 
et al., 2010) or by using empirical regression models of mean summer con-
centration developed from data in many lakes (Smith, 1985 and Håkanson et 
al., 2007). An advantage with the static empirical models is their simplicity 
and an advantage with dynamic physical models is their ability to capture 
variations within a year. Paper I explores the possibility to develop parsimo-
nious static models which describe the cyanobacterial seasonality.  

Rising temperatures are believed to promote cyanobacterial blooms in the 
future (Elliott, 2012; Paerl and Paul. 2012). When the water temperature 
increases, the stratification becomes stronger and longer, affecting internal 
lake processes like diffusion and mineralization. As a consequence the TP 
concentration is projected to increase (Malmaeus et al., 2006). The external 
TP load is also likely to be affected as a consequence of changes in the flood 
regime. Modeling results from 10 Danish catchments showed that the TP 
load would increase by 3.3% to 16.5% caused by changes in the precipita-
tion and discharge (Jeppesen et al., 2009). The TP concentration in water-
courses would, according to Jeppesen et al. (2009) decrease as a conse-
quence of dilution.  
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Aim of this thesis 
The aim of the thesis was to investigate the intra-annual variation and sea-
sonality in water quality variables with regards to cyanobacteria in lakes and 
TOC in watercourses. The aim was also to develop models for the water 
quality variables and to investigate patterns in the intra-annual variability. 
Furthermore, an important ambition was to simulate the changes in seasonal 
concentrations, loads and intra-annual variability when using climate scenar-
io data. These aims were addressed by: 
• quantifying the seasonality in cyanobacteria concentration and relative 

abundance, developing models explaining the seasonality and simulat-
ing the change when using climate scenarios (Paper I), 

• using a standard tool for load estimation of water quality variables in 
watercourses to investigate the influence from discharge and seasonality 
on the TOC concentration (Paper II), 

• identifying temporal and spatial patterns in the browning-related param-
eters TOC, iron and color (Paper III), 

• simulating future changes in TOC concentration and load as well as 
distinguishing the influence from discharge and soil temperature in cli-
mate scenarios (Paper IV). 
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 Material and methods 

Study area and data 
Data on phytoplankton, water chemistry, temperature and morphometric data 
from 29 Swedish lakes and lake-basins were used in Paper I. From every 
individual lake or basin, phytoplankton and water chemistry data were sam-
pled no less than once a month during the growing season at least three years 
in a row. The lakes were typically dimictic with ice cover during winter and 
stratified during summer. They were located in Sweden between latitude 
55.7° and 59.9° and longitude 13.4° to 18.7° (Figure 1a). The lakes had a 
range in mean summer surface water TP from 5.5 to 334 µg l-1, while tem-
perature ranged from 15.0 to 20.8 °C and Chl from 1.2 to 223.6 mg m-3. The 
data for 18 of the lakes or basins were obtained from the Swedish national 
environmental monitoring program administered by the Department of 
Aquatic Sciences and Assessment at the Swedish University of Agricultural 
Sciences, SLU (Fölster et al., 2014). Ten of these lakes (called trend lakes) 
were relatively unaffected by point sources, while the rest were basins from 
the four largest Swedish lakes. For ten lakes and basins the data were sam-
pled on behalf of the Swedish Environmental Protection Agency (SEPA), 
drinking water producers or sewage treatment plants, and the data were ob-
tained from tables and figures in articles and reports written by researchers. 
One of the lakes is the intensively studied Lake Erken which has a long-term 
data set of weekly samples. 

In Paper II, III and IV water chemistry data from watercourses through-
out Sweden was obtained from the database of the Swedish national envi-
ronmental monitoring program (Fölster et al., 2014). The watercourse loca-
tions ranged from latitude 55 to 68º N, exceeding a distance of 1400 km 
(Figure 1b and c). Paper II, III and IV also used modeled daily discharge, 
computed by the Swedish Meteorological and Hydrological Institute (SMHI) 
using the Hydrological Predictions for the Environment (HYPE) model 
(Lindström et al., 2010; Strömqvist et al., 2012). 

In Paper II and IV TOC data from 215 watercourses and more than 
42 500 TOC samples were included. Available data from watercourses hav-
ing at least 6 years of monthly TOC data between 1990 to 2010 were used. 
The median length of the time-series data was 15 years, and 90% of the wa-
tercourses had 10 years of data or more. 
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In Paper II catchment characteristics, for all the 215 watercourses, were used 
to evaluate the variability in TOC concentrations and model coefficients. 
The catchment variables included land use, soil type, forest data, catchment 
area, mean elevation of the catchment, computed water retention time, daily 
air temperature and precipitation. All of the water chemistry, discharge, pre-
cipitation, temperature and catchment characteristics from the 215 water-
courses are publicly available from http://www.slu.se/cleo/data. 

In Paper III, TOC, iron (Fe), filtered absorbance (AbsF) and unfiltered 
absorbance (AbsUnF) were obtained from the database of the Swedish na-
tional environmental monitoring program (Fölster et al., 2014). Monthly 
data series of at least 6 years duration between 1990 and 2010 for all four 
water quality parameters were used. Within each watercourse the four water 
quality parameters had the same start and end date. The median time series 
length was 15 years. The range in average AbsF was 0.015 to 0.57 420nm 
5cm-1, while AbsUnF ranged from 0.019 to 0.83 420nm 5cm-1, Fe from 0.04 
to 3.3 mg l-1, and TOC from 1.4 to 24 mg l-1. Average values for alkalinity 
varied between -0.08 and 3.8 meq l-1, pH ranged from 4.5 to 7.9 and sulfate 
from 0.02 to 1.3 meq l-1. In total, data from 112 watercourses were included 
in Paper III (Figure 1c) and the TOC data from all of these watercourses 
were also used in Paper II and IV.  
 

 
Figure 1. Study area. The location of a) the 29 lakes and lake basins with cyanobac-
teria data (Paper I), b) the mean TOC concentration in the 215 watercourses used in 
Paper II and IV, c) the dominant land use in the 112 watercourses with TOC, iron 
and color data used in Paper III. 
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In Paper IV daily mean soil temperature, summarized over the catchments, 
was used as a predictor variable in the TOC model. The soil temperature was 
modeled using data from the PTHBV data base (Johansson, 2002). 

Both in paper I and IV climate scenario data from the IPCC 2000 reports 
were used. In Paper I emission scenarios B2 and A2 (Nakićenović et al., 
2000) were used to test the effect on cyanobacteria concentrations. Values of 
the changes in lake TP and water temperature in basin Galten and Ekoln in 
Lake Mälaren and Lake Erken were taken from Malmaeus et al. (2006), and 
values for the three basins in Lake Ringsjön were taken from Arheimer et al. 
(2005). In Paper IV the A1B emission scenario was used, and downscaled 
data from the Global Climate Models (GCM), ECHAM5r3 (called Echam) 
and HadCM3 (called Hadley) generating two different climate scenarios 
(projections).  

Developing cyanobacterial seasonality models 
In Paper I the seasonality in the cyanobacterial data was characterized, sta-
tistical regression models simulating this seasonality were developed and 
finally climate scenarios concerning TP and water temperature were used to 
model cyanobacteria seasonality. Models describing both cyanobacteria con-
centration and relative abundance (the percentage of cyanobacteria concen-
tration to total phytoplankton concentration) were developed and used. 

Cyanobacterial data were very variable and monthly data were too sparse 
to explain the variability in individual samples. Therefore, data from all 
years were merged into one data set per lake and the typical bloom for the 
lake or basin was explored. The cyanobacterial concentration and relative 
abundance data were then sorted according to their day number independent-
ly of the year. The data were thereafter smoothed with a two-sided running 
mean over ten values. A Gaussian curve was fitted to the smoothed data set 
with a curve fitting tool in the software Matlab. Other curve fit methods in 
Matlab were also tried, but they described the blooms less well. With the 
smoothing and the Gaussian curve, the influence from individual outliers 
decreased (Paper I, figure 1). Data on both the concentration and the relative 
abundance were smoothed and the Gaussian curve was fitted to them. A 
bloom was defined to start when the cyanobacterial concentration or relative 
abundance exceeded a threshold value. For concentration, the threshold was 
set to 2.5 mg l-1 (SEPA, 1999) and for relative abundance, values over 30% 
(SwAM, 2013) were used. 

From the Gaussian curve, three coefficients describing the seasonal form 
of the cynobacterial bloom were developed. For cyanobacterial concentra-
tion the coefficients were the maximum concentration in the seasonality 
model (Cbmax), the day number of the first day exceeding 2.5 mg l-1 (tstart,2.5) 
and length of the bloom (length2.5). For the relative abundance the coeffi-
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cients were called Cb%max, t%start,30, and length%30. These coefficients were 
explained with statistical regression models based on lake variables. Varia-
bles used in the regressions were morphometric (lake area, max and mean 
depth), theoretical retention time, altitude, drainage area, different time peri-
ods of water temperature and water chemistry (TP, TN, TN:TP, Chl). 

Modeling watercourse chemistry  
In Paper II, III and IV the software package Fluxmaster, developed by the 
U.S. Geological Survey (Schwarz et al., 2006) to estimate daily concentra-
tion and loads in watercourses, was used. Fluxmaster uses a common ap-
proach to estimate loads and concentrations of various water quality constit-
uents in watercourses (Cohn et al., 1992). During the calibration stage, re-
gression models are developed for the estimation of concentration from time 
series of monthly sampled water chemistry variables and daily discharge 
data. During the estimation stage, the regression model is used to quantify 
daily TOC concentrations and loads throughout the 1990-2010 time period 
for each watercourse. The model estimation and predictions account for the 
effects of retransformation bias. The calibration method was ordinary least 
squares or if there were censored values and serial correlation in the data, 
maximum likelihood estimation. To evaluate the performance of models in 
Paper II, III and IV, the r2, which is the proportion of the water quality pa-
rameter explained by the x-variables, and the Nash-Sutcliffe efficiency index 
(NSE) were computed (Nash and Sutcliffe, 1970). The NSE ranges between 
–∞ and 1. A NSE-value of 0 means that the model is equally good as the 
mean of the observed data and a NSE-value of 1 represent a perfect fit be-
tween the modeled and observed data. 

In Paper II and III the regression model in Eq. 1 was used in Fluxmaster. 
It includes a discharge term, a sine term for seasonality and long-term trend 
term and was applied on the water chemistry data for each watercourse. 

 = ∙ ℎ ∙ ∙ 	( ∙ ) ∙          Equation 1 

 
WQ is the modeled water quality variable concentration, a0, a1, A, c and a4 
are model coefficients, Discharge is the daily discharge and dtime is decimal 
time. The four terms in the model are hereafter referred to as: the constant 
( ), the discharge term ( ℎ ), the seasonality term 
( ∙ 	( ∙ )), and the trend term ( ). a1 is the discharge coeffi-
cient and a4 is the trend coefficient. The coefficients in the seasonality term 
are A, the amplitude and c, the displacement. 

In Paper II the influence from the discharge term and the seasonality term 
on TOC intra-annual variation were compared quantitatively. As the model 
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includes coefficients for the discharge and the season which control the in-
tra-annual variation in TOC, the calibrated coefficient values were used to 
investigate the sensitivity to discharge and season among the different wa-
tercourses. Significant (1-β>0.8) differences in the model coefficients (Eq. 
1), TOC concentration and goodness of fit values between different groups 
of watercourses were investigated with statistical power analysis. Partial 
least squares regression (PLS) was used to explore if catchment characteris-
tics (e.g., land use, soils, forest biomass, precipitation, temperature and dis-
charge) could explain spatial variability in the model coefficients (Eq. 1). 
The watercourses with significant discharge and seasonality terms were 
used. 

To systematically compare the similarities and differences in TOC, Fe, 
AbsF and AbsUnF between watercourses, the model (Eq. 1) was applied to 
the four water quality parameters (Paper III). AbsF and AbsUnF were recal-
culated to concentration platinum equivalents using the equation Col-
or=500·Absorbance (SEPA 2007) befor it was used in the model. Thereafter 
the model coefficients were compared to identify similarities and differences 
in the sensitivity to different drivers between the four water chemistry varia-
bles. 

In Paper IV the model used in Fluxmaster was further developed and a 
soil temperature term was included, see Eq. 2, instead of the sine seasonality 
term as in the model in Eq. 1. 
 = ∙ ℎ ∙ ∙ , ∙  Equation 2 
 
Where a0, a1, as, a4 are the model coefficients, Discharge is the daily dis-
charge, Tsoil,lag is the soil temperature with a lag time (see below) and dtime is 
decimal time. The model (Eq. 2) was calibrated with historical data in the 
215 watercourses. 

The benefit in using soil temperature instead of a sine term in the model is 
that soil temperatures can be simulated with climate scenarios whereas the 
sine term (in Eq. 1) has a constant form from year to year. The soil tempera-
ture term, which represents the soil conditions associated with the organic 
carbon in the catchment, includes a lag time to account for the weeks to 
months that pass between the time when TOC leaves the soil and when it 
arrives at the downstream station where TOC is measured. 

An important physical geographic border/zone in Sweden is Limes Norr-
landicus which has significant differences north and south of the border in 
air temperature, precipitation (duration of snow cover), vegetation (e.g. bo-
real and taiga vegetation north of the border) and soil type, etc (Sernander 
1901, Fransson 1965). When simulation results in Paper II, III and IV was 
evaluated between different groups of watercourses this boarder is often 
used. 
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Water quality simulations in climate scenarios 
Cyanobacteria blooms (Paper I) and TOC concentration (Paper IV) were 
simulated in the future for certain climate change scenarios. In Paper I the 
cyanobacteria concentration and the relative abundance were simulated in 
six lakes and basins with literature values of changes in temperature and TP 
concentration computed from emission scenario B2 and A2 IPCC (2000). 
The lakes and basins included were basins Galten and Ekoln in Lake Mälar-
en, Lake Erken and basins Western Ringsjön, Eastern Ringsjön and Sätoftas-
jön in Lake Ringsjön. In scenario B2 the water temperature was simulated to 
increase by about 1 °C and the TP concentration by between 2.5 and 38%. 
According to scenario A2 the temperature had a simulated increase of 1.8 to 
3.8 °C and the TP increased by about 3.8 to 58% in the different lakes and 
basins. The simulated increase in TP was, according to the literature, higher 
in Lake Erken and the basins of Lake Ringsjön than in the basins of Lake 
Mälaren. 

When the TOC concentration was simulated with climate scenario data 
(Paper IV) the model with the soil temperature term was used (Eq. 2), and 
the trend term was set to a constant value based on the decimal time at the 
end of the calibration period in 2010, thus assuming that the increase in TOC 
seen the recent decades will not continue. Present conditions (1981-2010) 
were compared with future scenarios (2071-2100) and the changes in TOC 
concentration, load and in the influence from the discharge and soil tempera-
ture terms were only dependent on the changes in discharge and soil temper-
ature. The watercourses were divided into eight classes; north and south of 
Limes Norrlandicus, and four different catchment sizes with the boundaries 
at 24 km2, 66.4 km2 and 820 km2. The catchment classes are denoted with 
the letter N or S to indicate north or south of Limes Norrlandicus and a num-
ber from 1 to 4 indicating catchment size where 1 is the smallest size class 
and 4 the largest. 
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Results 

Cyanobacteria, characterized and modeled 
There was high variability in the cyanobacteria concentration and relative 
abundance data (Paper I). In many lakes most samples were close to zero but 
with occasionally high values. The maximum empirical concentrations were 
over 7 mg l-1 in 19 lakes or basins. In a few lakes concentrations around 100 
mg l-1 were sampled (for Lake Uttran and Basin Hemfjärden 1966-75). Lake 
Vänern, Lake Vättern and the ten trend lakes all had very low empirical cya-
nobacterial concentrations, below 0.5 mg l-1. In the eutrophic basin Western 
Ringsjön in southern Sweden, the data indicated a continued cyanobacterial 
bloom throughout the year, which yielded a bloom length exceeding 365 
days according to the Gaussian curve fitted to the concentration data. In 15 
lakes the Cbmax was above the critical cyanobacterial concentration 2.5 mg l-1 
which defined the start of the bloom. 

Lake Vättern and most of the trend lakes had low relative abundance. 
Lake Norrviken and Lake Edssjön showed a clear rectangular distribution 
with a few samples in the spring with nearly no cyanobacteria and the sam-
ples during the rest of the year showing a cyanobacterial relative abundance 
of 100%. No Gaussian curve could be fitted to the data from those two lakes. 
The large Lake Vänern had, in contrast to its low cyanobacterial concentra-
tion, a high relative cyanobacterial abundance. Since the lake had distinctly 
different characteristics than the other lakes included in Paper I, it was treat-
ed as an outlier during the following analysis of relative abundance. In total, 
14 lakes had a Cb%max above 30% which was the value defining a bloom. 

TP and TN explained the maximum coefficients well for both concentra-
tion, Cbmax, and relative abundance, Cb%max, but for the temperature to have 
any explanatory effect on the coefficient, the TP concentration needed to be 
higher than 20 µg l-1, see Figure 2a. When only lakes with a TP concentra-
tion above 20 µg l-1 were included in multiple regressions of Cbmax, water 
temperature and TP together yield an r2 value of 0.91,		 . =0.26 + 0.74 ( ) − 4.72. Water temperature together with chlorophyll 
also yields a high r2 value (0.89). For tstart,2.5 and length2.5, only TP concentra-
tion gave significant regressions, see Paper I, Table 4. The Cb%max could, for 
lakes with TP over 20 µg l-1, best be explained by the water temperature in 
June or May. In combination with Chl the r2 value was even higher (see Pa-
per I, Table 5). The coefficients t%start,30 and length%30 were correlated to a 
high degree with water temperature in May, see Figure 2b. 
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Figure 2. Statistical regressions between lake variables and coefficients describing 
the seasonality in the cyanobacteria models, a) the Cbmax coefficient is correlated 
with surface water temperature during the growing season Tgs, the lakes in the 
squares all have TP < 20 µg l-1, b) regression between length%30 and surface water 
temperature during May TMay. 

Modeling total organic carbon 
When using Eq. 1 in Fluxmaster to estimate daily TOC from daily discharge, 
seasonality and trend terms, the median Nash-Sutcliffe efficiency index 
(NSE) value for the 209 significant models was 0.44 and the median r2-value 
was 0.46 (Paper II, Table S11, Figure S2). The mean NSE and r2 values in 
the 209 significant models with a soil temperature term (Eq. 2) were slightly 
lower than for Eq. 1, 0.41 and 0.43, respectively (Paper IV, Table 2). There 
was a concern that modeled discharge data may yield poorer predictions, but 
when comparing how well the model worked with observed data in 59 
gauged watercourses to that obtained using the modeled discharge, the aver-
age NSE value was similar, 0.39 for observed discharge data versus 0.40 for 
HYPE modeled discharge data. 

The three terms in the model used in Paper II (Eq. 1) affected the TOC 
concentration differently, as exemplified by the three watercourses in figure 
3. The TOC concentration, observed and modeled, as well as the individual 
model terms are in log space which means that the terms are added to com-
pute the logarithm of the modeled TOC concentration. In watercourse A the 
discharge term is most influential on the variability in the TOC concentration 
and the trend increases the TOC concentration over the time period. In wa-
tercourse B both the discharge and seasonal term influence the variability in 
the TOC concentration and in watercourse C the seasonality term completely 
dominates the TOC concentration variability. In both watercourse B and C a 
seasonal pattern is visible in the TOC concentration and the long-term trends 
are small. 
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Figure 3. The TOC concentration and model term in three watercourses: A) Verkån 
Haväng, B) Björkeredsbäcken, and C) Blankan Ryerna. In the upper part of each sub-
figure the logarithm of the observed TOC concentration is illustrated by brown crosses 
and the logarithm of the modeled TOC concentration is illustrated as a black line. The 
modeled TOC concentration is the sum of intercept, discharge, seasonality and trend 
terms which are shown separately in the lower parts of each subfigure. The intercept is 
shown as a green dashed line, the discharge term as a blue line, the seasonality term as 
a read line, and the trend term as a black line. The model and all terms were significant 
in the three examples. Observe that the y-axes are logarithmic. 

According to the statistical power analysis the discharge coefficient was 
significantly higher in the largest catchments (0.236, in size class 4) com-
pared to smallest catchments (0.125, size class 1) north of Limes Norrland-
icus (Paper II, Table S13 and S14). According to the PLS analysis only a 
small degree of the spatial variation in the discharge coefficient could be 
explained by catchment characteristics (< 20% by only one significant PC). 

The amplitudes in the seasonality term on the other hand were significant-
ly higher in the smaller catchments (0.310, 0.295 respectively, size class 1 
and 2) than in the largest catchments (0.150, size class 4) south of Limes 
Norrlandicus. Forty-seven percent of the amplitude variation in the seasonal-
ity term in the watercourses was explained by catchment characteristics. 
Among the most important were theoretical water retention time and the 
percentage of lake surface cover in the catchment which were negative cor-
related to the amplitude (Paper II, Table 2). 

The seasonality term in TOC had, for a majority of the watercourses, peak 
day in August or September, especially in southern Sweden (Paper II, Figure 
3 e, f and g). The seasonality term has, like the air temperature, a period of 
one year. The time lags between the time series in air temperature and the 
seasonality term had mean and median values of 71 and 51 days respectively 
for the watercourses with significant seasonality terms. This means that the 
highest air temperature, which usually was in the beginning of July, was 
followed by the peak in the seasonality term around two months later in 
many watercourses. In a majority of the watercourses (149) the Fluxmaster 
model had a positive significant trend, while two watercourses in the north 
had negative significant trends (Paper II, Figure 3c). 
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Organic carbon, iron and color 
The Fluxmaster models (Eq. 1) in Paper III yield highest performance 
measures for AbsF and AbsUnF, (median r2 = 0.51 and 0.54, median NSE = 
0.48 and 0.46, respectively) while Fe models were generally poorer (r2 = 
0.41, NSE = 0.35). Out of the 112 watercourses, 99 had significant log-linear 
models for all four water quality parameters. 

The peak day in the seasonality terms usually occurred in August and 
September or, for a few watercourses six months later in February-March. 
The 95% confidence interval ellipse (Figure 4) indicates that Fe seasonality 
was more dispersed between watercourses than the other water quality pa-
rameters. Fe also had more peak days during the spring and they had higher 
amplitudes than the other three water quality parameters. The peak day for 
Fe often lagged behind the peaks for the other three water quality variables. 
For TOC the watercourses behaved more synchronously, with lower ampli-
tudes and similar occurrence of peak day in August-September. AbsF and 
AbsUnF have nearly identical ellipses. 

The importance of lakes as a driver in spatial and temporal patterns of 
TOC, Fe, AbsF and AbsUnF was apparent; a greater percentage of lake sur-
face area in the catchment always gave lower concentrations, a smaller sea-
sonal signal and more unexplained variability. In agricultural areas, the con-
tribution of iron, in multiple regression models, was twice as large as that of 
the forests or wetlands. Large agriculture-dominated catchments had signifi-
cantly larger trends in iron, TOC and water color than small forest catch-
ments. 

 
Figure 4. Year plot showing 95% elliptic confidence intervals of amplitude and 
peak day from the 99 watercourses with significant Fluxmaster models. The Ab-
sFmgPtL (turquoise), AbsUnFmgPtL (gray), Fe (orange) and TOC ellipse in (green). 
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Concentration changes using climate scenarios 
The simulations of cyanobacterial concentrations with climate scenarios 
input data gave an increase in Cbmax in Galten and Ekoln but the start and 
length of the blooms did not change much (Paper I, Figure 4) as the TP did 
not change by more than a few percent (Malmaeus et al., 2006) whereas the 
water temperature which affects the Cbmax increased. In Lake Erken and the 
three Ringsjön basins all three seasonal regression coefficients were affected 
with earlier, longer and higher concentration in the two climate scenarios. 

The climate scenarios both prolonged and increased the relative cyano-
bacterial abundance in the lakes. This was especially the case for the maxi-
mum scenarios in the three Lake Ringsjön basins, with 100% cyanobacterial 
relative abundance from mid-May to the beginning of October (Paper I, Fig-
ure 5). This scenario resembled the data from Lake Norrviken and Edsjön 
during the years 1970 to 1971 (Paper I, Figure S2). 

When the future TOC concentration was simulated with the climate sce-
narios, the mean change between the present (1981-2010) and the future 
(2071-2100) was 0.73 mg l-1 (7%) for Echam and 0.97 mg l-1 (8%) for Had-
ley (Paper IV, Table S3). In all eight classes the mean change was positive 
but a decrease in concentration was simulated in some watercourses, 22 with 
Echam data and 15 with Hadley data. Most of the watercourses with mod-
eled decreases were in catchments larger than 66.4 km2 located to the south-
east (Figure 5a and b). South of Limes Norrlandicus, watercourses with a 
modeled mean increase over 1 mg l-1 were usually located on the west side 
of Sweden, whereas on the east side when located north of Limes Norrland-
icus. Watercourses in small catchments, generally had higher modeled in-
creases than larger catchments and catchments south of Limes Norrlandicus 
generally had higher modeled increases than north thereof. This tendency 
was valid both in absolute change (in mg l-1) and in percentage modeled 
increase (Paper IV, Table S3). The highest modeled concentration increases 
were simulated in small catchments south of Limes Norrlandicus, in mean 
by 1.8 mg l-1 or 12% with Echam, and 2.2 mg l-1 or 15%, computed with 
Hadley. 

For Echam the simulated TOC loads decreased in the future for many wa-
tercourses. South of Limes Norrlandicus the general patterns were similar 
between the two climate scenarios, with 48% and 39% of the watercourses 
having modeled decreases in TOC load according to Echam and Hadley 
respectively (Figure 5c and d). The mean TOC load was modeled to increase 
in watercourses in small catchments (<66.4 km2) and decrease in large 
catchments (Paper IV, Table S4). North of Limes Norrlandicus the modeled 
change in the mean TOC load differed clearly between the two simulations, 
54% of the watercourses were simulated to decrease in load with the Echam 
data between the two time periods compared to only 4% of the watercourses 
according to Hadley. 
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Figure 5. Change in mean TOC concentration and load between future and present 
time periods. Change in mean TOC concentration a) Echam data, b) Hadley data, 
and mean TOC load c) Echam data and d) Hadley data. The changes were generated 
by changes in discharge and soil temperature as the trend term was set to a constant. 

The change in TOC concentration and load was not homogenous during the 
year. In the two smallest catchment classes (<66.4 km2) north of Limes Norr-
landicus the TOC concentrations during the winter months were modeled to 
increase by in median 2 mg l-1 in the future (Paper IV, Figure 4 and Figure 
S2). During May the conditions were the opposite, the future concentration 
are lower than present concentration in 93% of the watercourses for Echam 
and 80% for Hadley. The TOC concentration changes were simulated to be 
lower in the watercourses in the two largest catchment classes north of Limes 



 25

Norrlandicus. South of Limes Norrlandicus the modeled changes in TOC 
concentration over the year were somewhat different from north of Limes 
Norrlandicus. The highest modeled increase takes place during July, August 
and September with values over 1 mg l-1 in the median watercourse. In wa-
tercourses in the three largest catchment classes (>24 km2) south of Limes 
Norrlandicus the highest modeled increases take place during December, 
January and February. In simulations with the Echam climate scenario 
around half of the watercourses show modeled decrease in the future TOC 
concentration during October and November in the three largest size classes 
(Paper IV, Figure 4 d, f and h). 
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Discussion 

All of the papers in the thesis used data from many lakes or watercourses 
and multiple years to develop models of aquatic systems models where re-
gional climate variations could be investigated. 

Encouragingly, common lake parameters included in most lake sampling 
programs were able to explain cyanobacterial bloom, both as cyanobacterial 
concentration and relative abundance. These models can be used to simulate 
the cyanobacterial bloom seasonality in lakes with no phytoplankton sam-
pling. Further, scenarios with changed nutrient concentrations and water 
temperature can be used to simulate cyanobacterial blooms in a fairly 
straight-forward manner. 

In our results, high TP concentration favored the cyanobacterial concen-
tration coefficients for both the concentration and the length of the bloom, 
while water temperature had less influence. The relative cyanobacterial 
abundance on the other hand was controlled to a large extent by the early 
summer water temperature. The high correlations between water temperature 
in May or June and the start and length of the relative abundance is an indi-
cation that the cyanobacterial dominance will persist longer in a warmer 
climate. These findings are consistent with those of Kosten et al. (2012) and 
Jeppesen et al. (2009). Weyhenmeyer (2001) investigated the change in phy-
toplankton communities in the three largest Swedish lakes during two time 
periods, one cold and one warm, and came to the conclusion that during the 
warmer period, the summer blooms started earlier in the lakes with no in-
crease in total phytoplankton concentration but an increase in cyanobacterial 
concentration. The climate change scenario results concerning cyanobacteria 
were also in general agreement with previous studies (Arheimer et al., 2005, 
Markensten et al., 2010). 

One interesting threshold was revealed in the regressions between lake 
variables and the Cbmax and the Cb%max coefficients. Surface water tempera-
ture had an effect on both the Cbmax and the Cb%max coefficients, but only in 
lakes where the mean TP concentration in surface water during the growing 
season was over 20 µg l-1. When TP was over 20 µg l-1 the water temperature 
added explanatory power to the regressions, while if the TP was below 20 µg 
l-1 no bloom developed regardless of the water temperature. In Wagner and 
Adrian (2009) a TP concentration of 70 µg l-1 was the threshold for a cyano-
bacterial relative abundance over 30% to occur. 
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With regards to several water chemistry variables (TOC, Fe, AbsF and Ab-
sUnF) our results demonstrate that the statistical models (Eq. 1 and Eq. 2) 
used in Paper II, III and IV, with discharge, seasonality (approximated by a 
sine curve with a period of one year or soil temperature with a lag time) and 
long-term trend, can explain a substantial part of the variation in the concen-
tration data in Swedish watercourses spread across a 1450 km long region 
with differences in catchment size, land cover and climate. While more 
complex, process-oriented approaches can be used for modeling, the simplic-
ity of this approach gave identifiable and interpretable outcomes. 

With the fitting of the model coefficients to each catchment, we are able 
to investigate the drivers and their influence on TOC variability in relation to 
specific catchment characteristics. North of Limes Norrlandicus the dis-
charge term had a larger impact on the TOC concentration in large catch-
ments than in small catchments, while south of Limes Norrlandicus the sea-
sonality had a larger impact in small catchments than in large catchments. 
The spatial patterns in the model coefficients cannot be fully explained by 
catchment characteristics in the PLS analysis but the results may provide 
insights and clues for further studies into the complex relationship between 
catchment characteristics and the drivers of catchment sensitivity to dis-
charge, seasonality and long-term trends. 

To our knowledge this study represents the first time that coefficients and 
terms from a statistical TOC model have been evaluated for multiple sites in 
such a systematic way. By including discharge and seasonality the method 
provides additional insights into intra-annual variability, compared to those 
obtained from long-term linear or monotonic trends (e.g. Monteith et al. 
2007). Paper III illustrated how the method can be applied to several water 
quality variables to facilitate identification of spatial similarities and differ-
ences in processes controlling those water quality variables.  

The close co-variation of the Fluxmaster coefficients between the varia-
bles TOC, Fe, AbsF and AbsUnF (Paper III), is not surprising given com-
mon source areas in the near-stream zone and common mobilization mecha-
nisms at varying discharge and similar influences of vegetation. Neverthe-
less some distinct differences that are connected to specific landscape char-
acteristics, slight differences in mobilization and varying degree of process-
ing downstream were found. In general, watercourses dominated by forests 
had higher amplitude values and lower discharge coefficient values than 
watercourses in agricultural catchments. The seasonality peak for Fe often 
lagged behind the peaks for the other three water quality variables (Paper 
III, Figure S3). 

Time series analysis such as that conducted in papers II-IV is one of the 
major uses of monitoring data. The Fluxmaster approach (which was origi-
nally developed just for load estimation) has several advantages as compared 
to site-specific trend analysis. It may reveal seasonality and discharge driven 
effects that otherwise are hidden while still delivering information about 
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long-term trends. The analysis of differing effects of catchments types on 
discharge, seasonality and trend driven factors may also reveal spatial pat-
terns across landscapes. 

Predictions of future climate are highly uncertain, even more so for re-
gional precipitation and discharge than the regional air temperatures. None-
theless there is a great interest in knowing what the current generation of 
predictions suggest for the future in a variety of regards (e.g. Wania et al., 
2009; Stocker et al., 2013).  

Due to the great importance of TOC for aquatic ecosystems, especially in 
the high latitudes where climate change is expected to be most pronounced 
(Moen et al., 2014), there is an interest in knowing what might happen to 
TOC. The observed changes in recent decades across much of the region 
have heightened the awareness that this keystone of water quality constitu-
ents is indeed possible to change. These changes are even greater, and more 
important at the intra-annual level, than just considering year to year changes 
in the mean (Winterdahl et al., 2014). 

One key adaptation made in Paper IV to investigate sensitivity to climate 
was to use soil temperature to simulate the seasonal component of TOC 
change, instead of a sine seasonality term. With the help of a soil tempera-
ture model, computed from air temperature and precipitation and moved in 
time to minimize the model residuals, the seasonal influence, as represented 
by the soil temperature term, could be created in the future scenarios. Anoth-
er key assumption for the future predictions was that the trend of recent dec-
ades would not continue, so that just discharge and seasonality would be the 
factors influencing future TOC concentration. The most important assump-
tion though, is that the sensitivity of the TOC to discharge and the soil tem-
perature will remain constant as the climate changes. 

Climate change affects both the water temperature and the nutrient con-
centration in lakes, and it is likely that the cyanobacterial blooms will be 
more severe in a warmer future climate (Paper I). Our simulations of climate 
scenarios suggest that lakes will be negatively affected in a warmer climate 
due to increases in harmful cyanobacterial blooms, so bathing and swimming 
in the lakes might be more limited. 

The cyanobacterial concentration more than doubled in the minimum cli-
mate scenario and quintupled in the maximum climate scenario in the Lake 
Mälaren basins. In Lake Erken the concentration increased even more, but 
the modeled concentration was rather low to begin with (Paper I). In the 
three basins in Lake Ringsjön the cyanobacteria concentrations increased a 
good deal in the two scenarios, from 14 mg l-1 to 24 mg l-1 in the minimum 
scenario and to 80 mg l-1 in the maximum scenario concerning the basin 
Western Ringsjön. The sampled bloom was longer in the shallow basin 
Western Ringsjön than in the other lakes and the high empirical cyanobacte-
ria concentration came late in the season. In Arheimer et al. (2005) the simu-
lated future mean cyanobacterial concentration increased from around 30 mg 
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l-1 to 65 and 85 mg l-1 in the minimum and maximum scenario in Western 
Ringsjön. 

The results of the relative abundance scenarios in Lake Ringsjön show a 
total dominance of cyanobacteria in the maximum scenario, in Paper I. The 
concentration of other phytoplankton species is probably not zero but the 
results indicate severe problems with blooms dominated by cyanobacteria in 
Lake Ringsjön in a warmer climate. According to Arheimer et al. (2005) 
other phytoplankton groups decreased by 20-50% and the cyanobacterial 
group was favored. 

Conclusions 
In this thesis, water quality variables have been modeled with the focus on 
seasonality and intra-annual variability. The overall seasonal variation in 
cyanobacterial blooms could, despite the large short term variability be de-
scribed in a simple and efficient manner by nutrients and water temperature. 
A common tool for load estimation (Fluxmaster), was shown to model TOC, 
iron and absorbans well. Model coefficients and terms were used to investi-
gate the spatial patterns in intra-annual variability. The coefficients could 
also identify similarities and differences in processes controlling the concen-
trations of water quality variables. Different climate change scenarios 
showed that both cyanobacteria blooms in lakes and TOC concentrations in 
watercourses increased but the uncertainty in the discharge is greater than 
that for temperature which made TOC load difficult to assess. 

Parsimonius regression models, like those describing the seasonality in 
cyanobacterial bloom, and the ones used for estimating daily water quality 
variables in watercourses are relatively straight-forward tools with a general-
ly good ability to simulate the observed variability in water quality. Howev-
er, it was not possible to predict much of the spatial variability in the sensi-
tivity of TOC concentrations to discharge and seasonality from catchment 
characteristics. That in itself is good to know, and should be born in mind by 
efforts to generalize across landscapes. 

Even if the climate change scenarios were reliable, the model simulations 
of future TOC would still be qualified by the assumption that the TOC con-
centration response to discharge and soil temperature will remain constant 
into the future, even as the climate changes. The same caveat is even more 
relevant for future cyanobacterial responses to changes in nutrients and wa-
ter temperature. When used to look into the future, these statistical models 
all assume that future aquatic ecosystems will show the same sensitivity to 
changing drivers as these ecosystems have had in the past. 

If this ecosystem response to change proves not to be the same, then the 
predictive modeling would still have utility as a “sentinel” for changing 
catchment function. Those changes would be indicated by degradation in 
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model performance when using calibrations based on older data to model 
more recent data or even monitoring data collected in the future. For instance 
if the period 2010-2020 is not well predicted by the model derived from the 
period for 1990-2010, then we will get information on how the drivers of 
TOC concentration and cyanobacterial blooms are changing. 
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Sammanfattning på svenska – Vattenkvalité i 
svenska sjöar och vattendrag: modellering av 
inomårsvariationen 

God vattenkvalité är viktig för både ekosystemen och samhället. I den här 
avhandlingen beskrivs och modelleras variationen i några viktiga vatten-
kvalitetsvariabler. Avhandlingen består i huvudsak av två delar där cyano-
bakterier i sjöar och totalt organiskt kol (TOC) i vattendrag behandlas. Sär-
skilt undersöks deras inomårsvariation samt hur de påverkas av klimatför-
ändringar. 

Cyanobakterier är naturligt förekommande i svenska sjöar och har tidi-
gare kallats för blå-gröna alger. De gynnas av höga vattentemperaturer och 
höga total fosforkoncentrationer (TP). Vid gynnsamma förhållanden kan de 
förkomma i stor mängd, så kallade blomningar, vilket kan upplevas som 
ogynnsamt. Visa arter av cyanobakterier kan producera gifter, så kallade 
cyanotoxiner, vilka är giftiga för människor och djur. Att bada i cyanobakte-
rieblomningar kan ge hudutslag och att dricka kan leda till leverpåverkan 
och nervskador. Därför kan cyanobakterieblomningar vara ett problem för 
bland annat dricksvattentäkter. 

TOC är organiska ämnen och består oftast till mer än 90% av lösta (<0,45 
µm) ofta svårnedbrytbara ämnen, men också partikulära ämnen. En stor 
mängd TOC tillförs vattendragen från marken i avrinningsområdena som 
humus. En ökning i TOC-koncentrationen observerades i många vattendrag 
under 1980 och 1990-talen, vilken ofta förklarades som en effekt av minskad 
försurning. I ett vattendrag varierar TOC med vattenföringen, på så sätt att 
höga flöden ger höga TOC-koncentrationer. TOC-koncentrationen ökar 
också under sensommaren och början av hösten, vilket brukar förklaras med 
att produktionen i marken varit hög på grund av höga temperatur. TOC och 
järnkoncentrationen i vattendrag är båda relaterade till vattenfärg. Vattenfärg 
uppmäts ofta som absorbans vid 420 nm och det har använts i den här av-
handlingen. 

Farhågor över hur cyanobakterieblomningar och TOC-koncentrationer ut-
vecklas i en framtida klimatförändring har framförts. För att kunna beräkna 
framtida koncentrationer är det viktigt att förstå processerna och vilka om-
givningsfaktorer som påverkar koncentrationerna mest. I den här avhand-
lingen har beräkningsmodeller tagits fram och använts för att undersöka 
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vilka omgivningsfaktorer som påverkar koncentrationerna, hur dessa varierar 
över landet och hur de förändras vid en klimatförändring. 

Cyanobakteriedata från 29 sjöar och sjöbassänger användes för att  skapa 
statistiska beräkningsmodeller som beskriver vid vilka förhållanden cyano-
bakterieblomningar startar, hur långa blomningarna är och vilken koncen-
tration cyanobakterierna har, samt hur stor cyanobakteriernas relativa före-
komst är (hur många procent av den totala fytoplanktonkoncentrationen). 
Det framkom att TP-koncentrationen hade störst påverkan på cyanobakterie-
koncentrationen medan vattentemperaturen påverkade den relativa före-
komsten mest. Ett annat resultat var att ingen blomning skedde då TP-
koncentrationen var under 20 µg l-1. 

TOC från 215 vattendrag användes och dagliga TOC-koncentrationer be-
räknades med hjälp av termer för vattenföring, säsongsvariation och långsik-
tig trend. Beräkningsverktyget Fluxmaster, utvecklat vid US Geological 
Survey (USGS) användes. Vattenförings- och säsongsvariationstermerna 
förklarade en stor del av inomårsvariationen i TOC, men till hur stor del som 
TOC påverkas av dessa i individuella vattendrag kunde endast delvis förkla-
ras med omgivningsfaktorer. Däremot framgår det att norr om Limes Norr-
landicus har vattenföringen störst påverkan på TOC-koncentrationen i vat-
tendrag i stora avrinningsområden, medan söder om Limes Norrlandicus har 
säsongsvariationen störst påverkan på vattendrag i små avrinningsområden. 

Absorbans och järnkoncentration gick också bra att modellera med Flux-
master. I jämförelsen mellan TOC, järn och absorbans samvarierade koeffi-
cienterna i modellerna ofta bra, vilket visar att vattenkemivariablerna har 
gemensamma källor i den bäcknärazonen och liknande processer som påver-
kar dem. Järn avvek mest från de andra. Resultaten visar också på sjöarnas 
betydelse då vattendrag nedströms sjöar hade lägre koncentrationer och 
mindre amplitud i säsongsvariationstermen. 

Enligt klimatförändringsscenarierna ökar cyanobakteriekoncentrationen 
och oftast också TOC-koncentrationen i framtiden. Även den relativa cyano-
bakterieförekomsten kommer att bli längre och starta tidigare. Den simule-
rade TOC-koncentrationsökningen var i medel 7% eller 8% enligt de två 
klimat scenarier som användes. Förändringen i TOC-koncentrationen var 
inte jämnt fördelat över året och ökningen som inträffar varje vår beräknades 
komma tidigare. 

De statistiska regressionsmodellerna med bara ett fåtal drivvariabler som 
använts i den här avhandlingen kan förklara variationen i cyanobakteriedata, 
TOC, järn och absorbans. För att kunna användas i prediktioner antas att de 
framtida ekosystemen har samma känslighet till drivvariablerna som tidi-
gare. Om det visar sig att detta inte stämmer kan modellerna istället fungera 
som indikatorer på att systemet har förändrats eftersom modellens prestanda 
försämras om den kalibrerats för ett äldre dataset och modellerar obser-
vationer i ett framtida förändrat system.  
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