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ABSTRACT 

In a climate change perspective, increased air temperatures are already a reality 

and are expected to increase even more in the future, especially in areas at high 

latitudes. The present thesis therefore addresses the influence of climate change on 

the physical properties and the phytoplankton communities of typical small and 

oligotrophic lakes in northern Sweden (62-64˚N). In the first part of the study, we 

found a significant trend (10 lakes from 1916 to 2010) of ice break-ups occurring 

increasingly earlier. The timing of ice break-up was strongly influenced by the 

April air temperature indicating that expected increases in air temperature in the 

future will also result in an earlier ice break-up. We also used concentrations of 

chlorophyll a (chl a) as estimations of phytoplankton biomass and discovered a 

positive relationship between surface water temperature and concentrations of chl 

a in Lake Remmaren (from 1991 to 2008). The second part of the thesis focuses on 

climatic conditions and cyanobacteria abundance in three small, oligotrophic lakes 

in northern Sweden; Lake Remmaren, Lake S. Bergsjön and Lake Gransjön. The 

concentration and relative abundance of cyanobacteria differ between 2011 and 

2012, with different climatic conditions. The “warm” year of 2011 had higher 

concentrations and relative abundance of cyanobacteria than the “cold” year of 

2012. Trends in increasing surface water temperatures as well as increasing 

abundance of cyanobacteria in August were found in Lake Remmaren (from 1988 

to 2011). The direct or indirect effects of warming had a positive effect on the 

cyanobacteria abundance, since nutrients (Tot N and Tot P) did not display an 

increasing trend in Lake Remmaren. An analysis on the composition of 

phytoplankton species in Lake Remmaren, Lake S. Bergsjön and Lake Gransjön 

revealed that the cyanobacteria Merismopedia sp. was more common in 2011 than 

2012. If different cyanobacteria become more common in oligotrophic lakes in the 

future, the functioning of lake ecosystems may be impacted. Small zooplankton 

eats small phytoplankton and if smaller phytoplankton species, e.g. cyanobacteria, 

increase at the expense of other phytoplankton groups, an extra step in the food 

chain might be added. Less energy might be transferred to the upper levels 

because many cyanobacteria contain toxic compounds and are less edible than 

other phytoplankton groups. An increase of toxic containing cyanobacteria in lakes 

can also make lakes less attractive for recreational purposes in the future. 

 

Keywords: Climate change, cyanobacteria, ice break-up, oligotrophic lakes, 

phytoplankton, temperature 



iv 

SAMMANFATTNING 

Klimatförändringar är en realitet idag och lufttemperaturen förväntas att öka 

mer i framtiden, speciellt i områden vid höga breddgrader. Det är mot denna 

bakgrund som denna avhandling fokuserar på klimatförändringars påverkan på 

fysikaliska egenskaper och växtplanktonsamhällens sammansättning i 

oligotrofiska sjöar i norra Sverige. Vi fann en signifikant trend av allt tidigare 

islossning i tio sjöar i norra Sverige (62-64˚N) i en tidsserie mellan 1916 och 2010. Vi 

fann även att islossningen påverkas starkt av lufttemperaturen i april, vilket 

indikerar att de förväntade lufttemperaturökningarna i framtiden även kommer att 

resultera i allt tidigare islossningar i framtiden. När islossningen sker tidigare 

startar växtsäsongen för växtplankton också tidigare och stratifieringen startar 

tidigare och varar längre. Vi använde koncentrationen av klorofyll a som ett mått 

på växtplanktonbiomassa och vi fann att ytvattentemperaturen och 

koncentrationen av klorofyll a hade ett positivt samband i sjön Remmaren (1991-

2008). Den andra delen av avhandlingen fokuserar på klimatförhållanden och 

cyanobakteriers förekomst i tre små och oligotrofiska sjöar i norra Sverige. 

Koncentrationen och andelen cyanobakterier skiljer sig åt mellan två år (2011 och 

2012) med olika klimatförhållanden. Det ”varma” året 2011 hade större förekomst 

och högre andel cyanobakterier än det ”kalla” året 2012. Vi fann även trender som 

visade på ökande ytvattentemperaturer och större relativ förekomst av 

cyanobakterier i sjön Remmaren (1988-2011). Det verkar som att direkta eller 

indirekta effekter av uppvärmning hade en positiv påverkan på cyanobakteriernas 

förekomst eftersom olika näringsämnen (Tot N och Tot P) inte visade på en ökande 

trend. Vid en kvalitativ analys av artsammansättningen av växtplankton i sjöarna 

Remmaren, S. Bergsjön och Gransjön avslöjade att cyanobakterien Merismopedia sp. 

var mycket vanligare 2011 än 2012. Om olika cyanobakteriearter, som till exempel 

Merismopediaarter, blir allt vanligare i näringsfattiga sjöar i framtiden kan detta 

påverka ekosystemfunktioner. Små djurplanktonarter äter små växtplanktonarter 

och om mindre växtplankton, som till exempel cyanobakterier, ökar i förekomst på 

bekostnad av andra växtplanktongrupper kan extra steg i näringskedjan läggas till. 

Effekten kan även bli att mindre energi förs vidare i näringskedjorna eftersom flera 

arter av cyanobakterier innehåller olika giftiga ämnen vilket gör dem oätbara för 

många organismer. Om cyanobakterier som innehåller giftiga ämnen blir allt 

vanligare kan många sjöar bli mindre attraktiva för rekreation (bad, fiske mm) i 

framtiden. 
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1. INTRODUCTION  

1.1 Thesis background 

     Climate change is an ongoing reality and has varied effects on different 

ecosystems throughout the world. Understanding how climate change affects 

ecosystems and gaining knowledge about its impact are crucial so that we can 

mitigate the effects and know how to preserve various ecosystem services. Climate 

change is a broad concept that comprises a variety of weather parameters, two of 

which are a rise in global surface air temperature and a change in precipitation 

pattern. These two factors can act in different ways and vary in their importance 

depending on which ecosystem is studied. 

 

     As ecosystems, lakes are greatly studied because they constitute a well-defined 

ecosystem, they respond quickly to changes in the surrounding environment and 

they have the advantage of being distributed all over the world (Adrian et al., 

2009). The majority of lakes worldwide are situated between 40 and 70˚N, they are 

small (< 1 km2) and shallow and their numbers have been underestimated up to 

now (Downing et al., 2006). Many small lakes processes could therefore be of 

greater significance than previously assumed. Lakes in Scandinavia cover 

approximately 9% of the surface area but in some parts of boreal and subarctic 

regions wetlands, rivers and lakes cover up to 70% of the surface area (Kalff, 2002). 

The typical lake in Sweden is small (93% < 1km2), many of which are oligotrophic 

(53% < 10 µg P L-1) and the proportion of nutrient poor lakes is probably higher in 

northern Sweden because the amount of nutrients tends to decrease with less 

dense human populations (Henriksen et al., 1998). 

 

     In the present thesis, the main focus is on how surface air temperature, solar 

radiation and, thus water temperature, affect different physiological properties 

(e.g. ice break-up and thermal stratification) and the composition of the 

phytoplankton community in small, oligotrophic lakes in northern Sweden. 

Ecology studies that include these types in northern Sweden are not so very 

common. This thesis will hopefully illuminate some of the physiological and 

biological changes that occur in lakes typical for this region. The purpose of the 

thesis is to gain knowledge about trends in ice break-up dates and about 

phytoplankton response to a change in water temperature (paper I and II) as well 

as the trends in water temperature and cyanobacteria abundance (paper II).  
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1.2      Climate Change and regional weather patterns  

     According to the Intergovernmental Panel on Climate Change (IPCC, 2007), 

climate change is defined as follows: “Climate change in IPCC usage refers to a 

change in the state of the climate that can be identified (e.g. using statistical tests) 

by changes in the mean and/or the variability of its properties, and that persists for 

an extended period, typically decades or longer. It refers to any change in climate 

over time, whether due to natural variability or as a result of human activity”. The 

mean global surface air temperature has increased by approximately 0.7 ± 0.2˚C 

during the 20th century but the increase has been even larger over land and at high 

latitudes (IPCC, 2007). In model simulations done by IPCC the surface air 

temperature is predicted to rise approximately 2 to 5˚C by the end of the 21th 

century in Scandinavia, depending on which emission scenario is used (IPCC, 

2007). Christensen et al. (2001) performed regional climate change simulations, 

where a temperature rise of approximately 2˚C was predicted by 2050 during the 

summer months and approximately 3˚C during the winter months in northern 

Scandinavia. In regional simulations, Räisänen et al. (2004)  predicted that northern 

Sweden will experience an increase in surface air temperature of ~2˚C (June-

August), a small decrease (0-10%) in summer precipitation, and an almost 

unchanged cloudiness (small decrease) during the summer, by the end of the 21st 

century. Using instrumental, tree-ring, ice-core and lake-sediment records, Tingley 

et al. (2013) showed that the summers of 2005, 2007, 2010 and 2011 at high latitudes 

were warmer than those of all prior years back to 1400. Together, these studies 

show that the climate is changing and that northern Europe will experience even 

larger changes in climatic conditions in the future. 

 

     In addition to the long-term changes in climate, the weather in northern Europe 

is influenced by regional weather patterns and the weather (temperature and 

precipitation) is affected by the North Atlantic Circulation (NAO) (Hurrell, 1995). 

NAO refers to changes in the atmospheric sea level pressure difference between 

the Arctic (Iceland) and the subtropical Atlantic (Azores) (Hurrell, 2003). The 

influence of NAO on the air temperature in Sweden is greatest during the winter in 

southern Sweden, though this influence generally diminishes in the summer and 

towards the north and east (Chen et al., 1999). The influence of the NAO can also 

explain unusually cold winters, such as the winter 2010, which was much colder 

than normal, an event that some might consider as evidence that global warming is 

not a reality (Cattiaux et al., 2010). Studies have shown that NAO has an impact on 

the physical properties of lakes in northern Europe (e.g ice break-up and water 

temperature) (Livingstone, 2000; Blenckner et al., 2007). NAO also has an effect 

(direct, indirect or integrated) on lake ecosystems (Ottersen et al., 2001), but the 

effect on ecological processes seems to vary significantly among lake types (Gerten 
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et al., 2001). NAO also influences the timing of spring phytoplankton bloom 

(Weyhenmeyer et al., 1999) and the seasonal succession decline in diatoms 

(Weyhenmeyer et al., 2002). A general response in phytoplankton biomass and the 

timing of spring bloom were shown to be influenced by NAO but with a less 

pronounced response at higher latitudes (Blenckner et al., 2002a).  

 

     Climate change scenarios predict that lakes will experience various changes, like 

earlier ice break-ups, that prolong the growing season, increased temperatures, 

stronger thermal stratification and changes in nutrient loading (e.g. Blenckner et 

al., 2002b; Jankowski et al., 2006). Long term changes in the climate might influence 

freshwater ecosystems in the future but because the weather is also influenced by 

large scale patterns (e.g. NAO), the ecosystem response might be enhanced or 

reduced by NAO (Hurrell, 2003). However, in this thesis the response in lake 

ecosystems will be focused on climate changes related to global warming and more 

precisely, an elevated air temperature. 

 

    

1.3      Physical responses to warming in lakes  

     An advancing in ice break-up (Fig. 1) is a physical property of lakes that are 

influenced by an elevated air temperature. The ice break-up has been shown to 

occur increasingly earlier in the northern hemisphere since the 17th century but 

with increasing rates of change after 1850 (Magnusson et al., 2000). A 150-year 

series of observations showed that the timing of the ice break-up is related to 

spring air temperature (Benson et al., 2012). However, this relationship is non-

linear with latitudes in the northern hemisphere and several lakes (3.7% > 0.1 km2) 

around the latitude 61˚N have a high risk of becoming open water systems in the 

future (Weyhenmeyer et al., 2011). However, areas at latitudes higher than 61˚N 

have experienced earlier ice break-up, a shorter duration of ice cover and later 

freeze-up (Brown et al., 2010). This has an obvious impact on lake ecosystems, 

where the growing season for phytoplankton becomes longer because light is a 

limiting factor at shorter periods (Brönmark et al., 2005).  Studies of nutrient-poor 

lakes at an altitude gradient in northern Sweden have revealed that air 

temperature was strongly correlated to water temperature (Karlsson et al., 2005). 

Productivity in the lakes increased and the changes were mainly caused by a 

prolongation of the ice-free period (Karlsson et al., 2005). 
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7˚C 7˚C

Climate warming

23˚C20˚C

Weak stratification Strong stratification

Ice-cover Ice-coverIce-free season Ice-free season

Stratification Longer Stratification

Earlier ice break-up

 
Fig. 1.  The effect of increasing temperature on some physical properties in lakes. 

 

 

 

     An elevated air temperature changes the thermal dynamics in lakes, as the 

surface water heats up earlier and becomes warm, thus causing the stratification to 

start earlier and last longer when the air temperature is elevated (Mishra et al., 

2011; Shimoda et al., 2011; Wagner et al., 2009) (Fig. 1). Stratification becomes 

stronger with greater differences between surface and bottom water temperatures, 

when the air temperature is higher than normal (Jankowski et al., 2006). A trend 

involving warmer surface water temperature and larger intensity in thermal 

stratification was found in several lakes distributed throughout a latitudinal 

gradient in Sweden (Bloch et al., 2012). Stratification also has an impact on the light 

climate in lakes. This happens because the amount of particles is reduced when the 

water column is stable, thus improving the effective light climate for 

phytoplankton due to the longer residence time in sufficient solar radiation 

(Sommer et al., 2012; Winder et al., 2012). 
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1.4      Phytoplankton response to elevated temperatures  

        A search of “Climate change” and “Impact” and “Phytoplankton” resulted in 

429 documents in the database SCOPUS (130630). More than half of the documents 

were from the last five years (2009-2013), indicating the extensive research in this 

area, especially in recent years. Due to the earlier ice break-up in lakes, the 

growing season starts earlier and the spring phytoplankton peak is happening 

increasingly earlier due to high temperatures in lakes in central Europe (Peeters et 

al., 2007) and Sweden (Weyhenmeyer, 2001). The onset of stratification and spring 

bloom has advanced by 20 days within the last four decades in Lake Washington, 

USA (Winder et al., 2004). The phytoplankton biomass can also decrease due to 

elevated temperatures, most likely because heterotrophs (like zooplankton) seem 

to increase more than producers in elevated temperatures, causing decreases in 

phytoplankton biomass by top-down control (Sommer et al., 2012). A change in 

water temperature has an effect on phytoplankton species composition, with 

diatoms showing decreases (Lassen et al., 2010). In an experimental study, 

Schabhüttl et al. (2013) showed that elevated water temperatures resulted in 

changes in phytoplankton species composition. This effect was most obvious in 

communities that had adapted to cooler temperatures, indicating that the relative 

changes in temperature can be more important in colder areas than other areas 

(Schabhüttl et al., 2013). If the temperature is maximum 20˚C and there are no other 

limiting factors, warming can increase the growth rate on phytoplankton (Finkel et 

al., 2010). Increases of temperatures can also have a negative effect on 

phytoplankton growth because the cells become damaged if the temperatures are 

high enough (Finkel et al., 2010). There were higher concentrations of chlorophyll a 

in the late summer and autumn during a warm period (1975-1979) compared to a 

cold period (1994-2001) in Lake Erken, Sweden, probably due to a release of 

nutrients during the warm period (Pettersson et al,. 2003). Changes in the 

phytoplankton community will probably be mediated through changes in thermal 

stratification patterns (Winder et al., 2012). When the water column is less 

turbulent, which happens when the stratification is strong and long lasting, small 

and buoyant phytoplankton species have a competitive advantage (Findlay et al., 

2001) (Fig. 2). In a study by Daufresne et al. (2009), the reduced body size of 

phytoplankton was a response to global warming. Moràn et al., (2010) found that 

temperature explained 73% of the variance in the relative contribution of small 

cells to total phytoplankton biomass.  

 

     In many recent studies, the abundance of the phytoplankton group 

cyanobacteria has increased in many types of lakes throughout the world (Wagner 

et al., 2009; Zhang et al., 2012; Kosten et al., 2012; Jöhnk et al., 2008; Posch et al., 

2012; Paerl et al., 2008). Increases in cyanobacteria abundance have long been 
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linked to eutrophication, and increases in nitrogen and, more often, increases in 

phosphorus can cause elevated concentrations of cyanobacteria (Paerl et al., 2013). 

Cyanobacteria have many traits, besides being small (see above), that benefit from 

changes in the physical environment connected to climate change (Cayelan et al., 

2012; O´Neil et al., 2012).  Cyanobacteria have a higher optimum growth 

temperature than many other phytoplankton groups, and elevated water 

temperatures can favor cyanobacteria directly (Reynolds, 2006). Cyanobacteria 

have a higher optimum growth temperature than diatoms, a group common in 

temperate lakes (Butterwick et al., 2005). In an experimental study where 

phytoplankton communities that had adapted to cold temperatures were exposed 

to elevated temperatures, cyanobacteria constituted a higher fraction, indicating 

that warming favors cyanobacteria directly (Schabhüttl et al., 2013). However, 

Lürling et al. (2013) showed that cyanobacteria had the same mean optimum 

growth temperature as chlorophytes, indicating that other physical factors are 

influencing an increase in cyanobacteria abundance in natural ecosystems.   

Climate warming

23˚C20˚C

Growing season Growing season

Stratification Longer Stratification

[Cyano] [Cyano]

N2

fixation

Less nutrients

7˚C 7˚C

 
Fig. 2.      The effect of increasing temperatures on phytoplankton species composition. A 

stable water column favors smaller species. Some key factors controlling cyanobacteria 

abundance: solar radiation, mixing conditions, nutrient availability, water column 

transparency (higher when strong stratification) and temperature.    
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          An increase in water temperature has many indirect effects (stronger and 

longer duration of stratification), which cyanobacteria can benefit from (Cayelan et 

al., 2012) (Fig. 2). Cyanobacteria can remain buoyant more easily because many 

species have gas vesicles that control their position in the water column (Walsby et 

al., 1997). It is easier for them to avoid high levels of harmful ultraviolet radiation 

at the surface in less turbid water and they have also pigments to protect them 

from harmful ultraviolet radiation (Paerl et al., 2012). A long period of stratification 

causes an enhanced nutrient depletion in the epilimnion, which cyanobacteria can 

benefit from because many species can also fixate atmospheric nitrogen (N2). 

Cyanobacteria become more common when the nitrogen to phosphorus ratio is 

low (Smith, 1983). Overall, many changes in the physical properties of lakes are 

connected to warming, favoring the phytoplankton group cyanobacteria in many 

ways. In addition, some cyanobacteria species have both toxic and non-toxic 

strains. The toxic strain of the cyanobacteria Microcystis became more abundant 

when the temperature was increased, suggesting that problems with toxic 

cyanobacteria blooms may be a greater problem in the future (Davis et al., 2009). In 

addition, certain models have predicted that cyanobacteria will increase their 

relative abundance due to future changes in the climate (Elliott, 2012). Regional 

simulations in a Swedish lake also predict that phytoplankton groups will shift 

towards a dominance of nitrogen-fixing cyanobacteria at the expense of diatoms, 

making blooms more common in the future (Markensten et al., 2010). A change in 

lake phytoplankton species composition that favors cyanobacteria can have an 

impact at higher trophic levels and change the zooplankton species composition, 

since cyanobacteria is less edible than many other phytoplankton groups (Elliott, 

2012; Hansson et al., 2007). 

 

 

2.        THE PRESENT THESIS 

2.1      Objectives of this thesis 

     The main objective of this thesis was to investigate phytoplankton response to 

climate changes in typical, small and oligotrophic lakes in northern Sweden. Data 

was received from field studies in three lakes during the growing seasons of 2011 

and 2012, from a national environment monitoring program between 1987 and 

2011 and weather parameters from the Swedish Meteorological and Hydrological 

Institute (SMHI). 

 

     Paper I investigated any trends in the timing of ice break-up and air 

temperature. Water temperature and the concentration of chlorophyll a (chl a ) 

were also studied, which were used to estimate phytoplankton biomass. 
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   Paper II studied trends in cyanobacteria abundance along with air and water 

temperature and nutrients. In addition, cyanobacteria concentration and relative 

abundance were compared between 2011 and 2012, two years with different 

climatic influence (air and water temperature, ice break-up, solar radiation, 

precipitation). 

   

 

2.2   Study area 

     The lakes and weather stations included in this study are located in the southern 

regions of northern Sweden, an area ranging from 62 to 64˚N and from 13 to 20˚E 

(Fig. 3). The annual mean air temperature in the region is   2˚C, the annual total 

precipitation 700 – 800 mm and the total hours of sunlight during the year is   1,700 

h (SMHI). The catchment area of the lakes consists mainly of coniferous forest.  

 

.
a

b

c

J

64˚N 

62˚N 

100 km

Photo: Nils Ekelund

 
 

Fig. 3.  Map of Sweden and the location of J) the weather station in Junsele a) Lake 

Remmaren  b) Lake S. Bergsjön  c) Lake Gransjön. Dotted rectangle marks the area where 

all 13 lakes included in the ice break-up study are situated.   Photo of Lake S. Bergsjön.  
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     The lakes are dimictic and experience four different seasons. Winter is described 

as when the lakes are covered with ice (and snow), spring as the short period with 

full circulation, summer as the duration of thermal stratification and autumn with 

full circulation again, which lasts until the ice settles (Fig. 4). The three lakes where 

field studies were performed are all situated in the County of Västernorrland (Fig. 

3 a-c). All are small (0.36 – 1.4 km2) and oligotrophic (Tot P < 12.5 µg L-1). 

 

 
 

Fig. 4.  The general duration of the different “limnological” seasons in lakes in the 

studied area. 

 

 

2.3      Methods 

     The field studies were performed in Lake Remmaren, Lake S. Bergsjön and Lake 

Gransjön during the growing season (May-October) in 2011 and 2012. The water 

temperature as measured with HOBO pendant loggers, used for both surface and 

bottom water during the ice free seasons. Field investigations began as soon as the 

ice had broken up and then three times each week during May. This was followed 

by monthly investigations during June-October, resulting in eight investigations 

each year (except for 2011 in Lake S. Bergsjön, where only seven were possible 

because the ice had settled in October). Air temperature and cloudiness were 

measured on each occasion. Water samples from surface water (0.5 m) and lake 

bottoms (Lake Remmaren 14 m, Lake S. Bergsjön 12 m and Lake Gransjön 18 m) 

were collected with a Ruttner sampler (2.25 l), and oxygen content (HACH 

LANGE, model HQ40d, which uses LDO, Luminescent Dissolved Oxygen, 

technique) and pH were measured immediately. Water samples for nutrient 

concentration (NH4+, NH3 +, NH2, PO4, Tot N and Tot P) analyses at SLU were 

taken simultaneously. Water samples were also taken for phytoplankton species 

determination. Water from the epilimnion (0.5, 1.5, 2.5, 3.5 and 4.5 m) as well as the 

hypolimnion (8, 9, 10, 11 m) was sampled and pooled in a plastic container. One 

litre subsamples were taken from the pooled sample and Lugols solution was 

added to obtain a final concentration of 1%. Sedimentation chambers (100 ml) and 

Winter

̴ 185 days 

Spring

̴ 10

days Summer

̴ 100 days 

Autumn

̴ 70 days 

Stratification
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an inverted microscope (method according to Ütermöhl, 1958) was used for species 

determination. Each sample was checked in 10 lines at 60 times magnification (Fig. 

5) and the frequency of each species was noted. 

 

 
Fig. 5.  The sedimentation chamber and cylinders for phytoplankton species 

determination using an inverted microscope, the 100 ml cylinder was used throughout the 

analyses. Each sample was checked in 10 lines at 60 (x10) magnification. 

 

   

          On every occasion in the field, an instrument called FluroProbe (FluoroProbe, 

bbe-Moldaenke, Kiel, Germany) was also used (Fig. 6). FluroProbe measures water 

temperature, concentrations of chlorophyll a (chl a) and four different spectral 

groups of phytoplankton (Cyanobacteria, Chlorophyta, Chromophyta + Dinophyta 

and Cryptophyta) along with depth. The instrument is equipped with five light 

emitting diodes (450, 525, 570, 590 and 610 nm) for the excitation of different 

pigments present in phytoplankton and one diode that measures chlorophyll a 

fluorescence at 685 nm (Gregor & Maršảlek, 2004). The FluoroProbe has proven to 

yield better estimates of total phytoplankton biovolume than traditional 

spectrophotometric chl a measurements (Catherine et al., 2012). The ratio of algal 

classes measured by the in situ spectrofluorometer, FluoroProbe, was shown to be 

closely related to taxanomic analyses and cell counts (Gregor et al., 2005). 

 

     In addition to field studies, data of ice break-up, air temperature, solar radiation 

and precipitation were received from SMHI. To study trends in water temperature, 

chl a and cyanobacteria, data from an environmental monitoring program that 

started 1986 were used. These data were received from the Swedish University of 

Agricultural Sciences (SLU), which hosts the data.       
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Photo: Nils Ekelund Photo: Sara Öhmark  

Fig. 6.        Jennie Sandström performing FluoroProbe measurements in Lake Remmarsjön.  

 

2.4      Major findings and Discussions 

          The results of this project indicate ongoing changes in the physical properties 

of small, oligotrophic lakes in northern Sweden. These changes influence 

phytoplankton, which responds quickly to changes in the environment (Adrian et 

al., 2009). There were differences in chl a concentrations (paper I), cyanobacteria 

concentrations and relative abundance (paper II), as well as a differences in species 

composition between a “warm” year (2011) and a “cold” year (2012) in our study. 

The common species of phytoplankton in May-August during 2011 and 2012 in 

Lake Remmaren, Lake S. Bergsjön and Lake Gransjön are shown in the appendix, 

Table 1-3, and there were a difference in their composition between each year. In 

Lake Remmaren, for instance, Rhodomonas lacustris and Cryptomonas sp. were much 

more common during the “cold” 2012 compared to the “warm” 2011. There were 

no Merismopedia present during 2012, whereas this cyanobacteria species was 

present during July and August in 2011. There was definitely more cyanobacteria 

(Merismopedia and Snowella) in 2011 compared to 2012 in Lake Gransjön as well. 

Rhodomonas lacustris was more common in 2012 in Lake Gransjön and Lake S. 

Bergsjön. In Lake Gransjön, resting cysts from various Dinobryon species were 

common during 2012, but not 2011. Pseudokephyrion entzii occurs more frequently 

in Lake S. Bergsjön and Lake Gransjön during 2012 (June-Aug). Both Cryptomonas 
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sp. and Rhodomas lacustris belong to the Cryptophytes, a group of phytoplankton 

that is common in oligotrophic lakes. They can show peaks in wintertime which 

demonstrates that they are well adapted to cold and low light environments 

(Klaveness, 1988). They have a very effective light uptake due to phycobiliprotein 

pigments in the light- harvesting system (Hammer et al., 2002). Cryptophytes has 

also shown to be able to digest bacteria, they can therefore increase their nutrient 

uptake and compete better than other phytoplankton groups in nutrient scarce 

conditions (Tranvik et al., 1989). These adaptations to light-limited, cold and 

nutrient scarce conditions can explain why this group was more common in the 

colder and less sunny year of 2012. Dinobryon and Pseudokephyrion entzii belong to 

the group of Chrysophytes, the golden algae. This group of phytoplankton is also 

common in oligotrophic environments and they can also digest bacteria (Canter-

Lund et al., 1995). They can survive harsh conditions by producing resting cysts 

(Fig. 7f), and this can explain why resting cysts from Dinobryon were much more  

 

 
Fig. 7.      Some of the common species found in Lake Remmaren, Lake S. Bergsjön and 

Lake Gransjön.  a) Chrysococcus cordiformis (golden algae)   b) Merismopedia sp. 

(cyanobacteria)      c) Asterionella formosa (diatom)    d) Dinobryon suecicum (golden algae)  

e) Cryptomonas sp. (cryptophyte)   f) Dinobryon sp. (golden algae) with resting cyst   g) 

Rhodomonas lacustris (cryptophyte). 
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common during the “cold” year of 2012. Cyanobacteria (Merismopedia sp. and 

Snowella sp.) were much more common on 2011 than 2012 and cyanobacteria are 

favored when water temperature is high, both through direct effects (higher 

optimum growth temperatures) and indirect effects (stronger and longer 

stratification) (Cayelan et al., 2012). 

 

2.4.1     Paper I 

          In this study, data of ice break-up dates (1916-2010) from 10 lakes in northern 

Sweden (62-64˚N) showed a significant trend with increasingly earlier ice break-up 

over time. The advancement is about 8 days during the latest 100 years. The air 

temperature between 1963-2010 (both annual mean and April mean) have 

increased by ~2˚C, with the air temperature in April strongly influencing the 

timing of ice break-up in lakes in northern Sweden. The results also indicate that 

the concentration of chl a is higher when surface water temperature is higher.  

 

     The timing of ice break-up was demonstrated to happen increasingly earlier in 

the northern hemisphere (Magnusson et al., 2000; Hodgkins et al., 2002). However, 

an earlier study indicated an absence of any trend in the timing of ice break-up in 

lakes in northern Sweden (61-64.9˚N), though the period was shorter and many of 

these lakes were located close to the mountain regions (Scandes), possibly 

explaining the different outcomes (Blenckner et al., 2004). Both the annual and 

April mean air temperatures displayed a warming trend, corresponding with 

reports from IPPC (2007). Spring air temperature is one factor that influences the 

timing of the ice break-up (Benson et al., 2012; Livingstone, 1997), with the air 

temperature in April seeming to have a great effect on lakes in northern Sweden. 

Because the average ice break-up date is May 21, it is feasible that the April air 

temperature greatly impacts ice decay in this region. The trends in temperature 

imply that the climate will be warmer in the future, which is in line with models by 

IPCC (2007) and with regional models (Christensen et al., 2001). Higher air 

temperatures will probably cause an advance in the ice break-up in northern 

Sweden, which will alter the physical properties and environmental conditions in 

the lakes. 

 

          There was a significant and positive correlation between water temperature 

and chl a in one of the three lakes (1997-2008), but it was not possible in this study 

to discern how a higher temperature affects chl a concentrations. It can be a direct 

effect of warming (Lassen et al., 2010), or perhaps the higher air temperatures are 

caused by more solar radiation and thus more available sunlight has a positive 

effect on phytoplankton growth. Warming is expected to increase the light-

saturated rates of photoautotrophic production, but not the light-limited rates 
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(Winder et al., 2012). However, heterotrophic organisms are more sensitive to 

temperature and it is likely that if the organisms become more abundant due to 

elevated temperatures, it will negatively impact on phytoplankton biomass and 

strengthens top-down control (Winder et al., 2012). High surface water 

temperature also influences thermal stratification, which becomes stronger with 

elevated surface temperatures. This in turn has an indirect effect on the light 

climate in the epilimnion; a stable water column improves the effective light 

climate for phytoplankton and allows them to grow better. It is unclear whether 

the concentration of chl a is directly influenced by elevated temperature levels or if 

it is the indirect effects of warming that controls chl a concentrations, but there is at 

least indications of higher chl a concentrations with higher water temperatures in 

small oligotrophic lakes in northern Sweden. 

 

2.4.2     Paper II 

         The abundance of cyanobacteria in three typical, small and oligotrophic lakes 

in northern Sweden was investigated during two years (2011 and 2012) with 

different climatic conditions. Data series of cyanobacteria abundance, surface water 

temperature and nutrients (Tot N and tot P) from Lake Remmaren (from 1991 to 

2011) were used to study any trends. Higher air temperatures and more available 

light were evident during 2011 compared to 2012. This increased the surface water 

temperatures and thus resulted in stronger (larger difference between surface and 

bottom water temperatures) stratification in 2011. The stratified period also lasted 

longer in 2011 compared to 2012. As a consequence (direct or indirect) of warming, 

the availability of more light or both, the cyanobacteria concentration and the 

relative abundance was higher in all three lakes in 2011 compared to 2012.  

 

     There was also a trend with a higher relative abundance of cyanobacteria over 

time in Lake Remmaren (from 1991 to 2011). This can be explained by a direct or 

indirect effect of increases in surface water temperature, which also showed a 

warming trend over time, though nutrient concentrations (Tot N and Tot P) did 

not show any increasing trend. A gradual increase in the relative abundance of 

cyanobacteria and throughout 2011 indicates that cyanobacteria are better 

competitors than other phytoplankton groups in these conditions. A change in the 

thermal structure of the lake has many consequences that cyanobacteria can benefit 

from. They are small, have gas vesicles and a higher optimum growth temperature 

compared to many other phytoplankton groups (Reynolds, 2006). In this study, the 

trend of cyanobacteria becoming more common indicates that this phytoplankton 

group will become more and more prevalent in small, oligotrophic lakes in 

northern Sweden. A warmer future climate will lead to more common 

cyanobacteria, and therefore an impact on ecosystem function. Many cyanobacteria 
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species contain toxic compounds, and strains with toxins seem more favorable 

with elevated temperatures (Davis et al., 2009). Cyanobacteria are also less edible 

than many other phytoplankton groups, making the energy transfer to higher 

trophic levels less efficient (Elliott, 2012). 

 

      

2.5      Major conclusions 

 The annual air temperature has increased (from 1963 to 2011) by ~2˚C in 

northern Sweden. 

 The ice break-up in lakes in northern Sweden (62-64˚N) happens 

increasingly earlier and has advanced by approximately eight days since 

1913.  

 The ice break-up in lakes in northern Sweden (62-64˚N) is influenced by 

the air temperature in April. 

 Increases in water temperatures change the growing conditions for 

phytoplankton and influence chlorophyll a concentrations. 

 The water temperature (from 1988 to 2011) and cyanobacteria 

concentrations (from 1991 to 2011) in August in Lake Remmaren show 

trends of increasing.  

 Higher water temperatures favor cyanobacteria, through direct or 

indirect effects.  

 Two years (2011 and 2012) of different climatic conditions have an 

influence on the phytoplankton species composition in three 

oligotrophic lakes in northern Sweden. 

 

 

3.        FUTURE QUESTIONS  

     There are several areas that have captured my interest in this project. It would 

be interesting to perform a mesocosm experiment with natural phytoplankton 

communities from oligotrophic lakes and to study what happens with cell size 

with elevated water temperatures. It is possible to establish a lengthy and strong 

thermal stratification in modern mesocosm facilities (e.g. at UMF outside Umeå). 

This could mimic what might happens in the future in typical, small, and medium 

deep (10-20 m) lakes with climate warming and thus provide a great opportunity 

to see what happens with cell sizes and phytoplankton species composition. In our 

project, we have not incorporated higher trophic levels, though it would be 

interesting to study the zooplankton community. Have there been any changes in 

size (1988-2013)? Does the species composition of zooplankton vary between a 

warm year (2011) compared to a much colder year (2012)?  
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     The instrument FluoroProbe is suitable for in situ quantification of different 

phytoplankton groups and provides a great opportunity to obtain extensive data 

sets of chlorophyll a and groups of phytoplankton in lakes. It would be interesting 

to use this instrument to make three dimensional “maps” of the distribution and 

chl a and different phytoplankton groups. It would also be possible to see if there 

are any “inlet effects“, “outlet effects” or both, if the environment (light, nutrients, 

temperature etc.) varies in lakes, and if so, how far-reaching is this effect? 
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6.        TACK! 

     Först av allt vill jag tacka min familj som har fått stå ut med en frånvarande fru 

och mamma, allt resande som har inneburit missade födelsedagar och missade 

fotbollscuper mm. Tack Patrik, Moa, Daniel och Malin för att ni har stöttat mig 

genom denna berg- och dalbanetur! Ett stort tack till min fältarbetarkompis Sara 

Öhmark, utan din hjälp och ditt stöttande hade jag aldrig rott detta iland (tänker 

extra mycket på en mycket blåsig dag i Remmar´n då vågorna var ”flera meter 

höga”)! Min rumskompis, Joel Ljunggren, även du har varit ovärderlig, tack för all 

hjälp, alla givande samtal och alla skratt! Mina handledare har varit otroligt 

uppmuntrande och hjälpsamma, tack Nils för att du alltid har tagit dig tid och för 

att du alltid har uppmuntrat och stöttat mig! Tack Hugo för att du tog på dig 

handledarskapet när jag som mest behövde det, du har verkligen gjort min tillvaro 

mycket ljusare, lättare och mindre ensam! Alla som har hjälp till med fältarbetet, 

Sara, Nils, Patrik, Julia, Jenny, Irma, Isak, Iza, Katia, Ewelina och Ania, tack! 

Torborg och Håkan, ni är ovärderliga och är det kugghjul som får vår avdelning att 

gå runt! Alla biologikollegor, Fredrik, Mattias, Anna-Maria, Svante, Jenny, Stefan 

och Thomas, ni har alla bidragit med trevligt umgänge och inspirerande samtal, 

Polenresan kommer att leva kvar länge hos mig! Jag vill rikta ett särskilt tack till 

Bege som genom sitt vänliga och tålmodiga sätt och genom att inbjuda till trevliga 

grillkvällar har varit ett riktigt föredöme i min doktorandtillvaro! Viktoria och 

Veronica, ni måste verkligen få ett stort tack för att ni skapar en sådan fantastiskt 

positiv och härlig stämning på vår arbetsplats! Det gäller för övrigt alla trevliga 

arbetskompisar på NAT, jag kommer verkligen att sakna alla trevliga lunch- och 

fikastunder med alla gemytliga samtal. Ett särskilt tack till Ingrid som ser till att 

allt det praktiska fungerar på vår arbetsplats!  

 

     Ett stort tack till Eva Herlitz på SLU i Uppsala för att du med stort tålamod och 

med vänlighet tog dig tid att hjälpa mig med artbestämning av några 

växtplanktonarter som jag kände mig osäker på. Anna Sundeberg och Frans 

Olofsson på länsstyrelsen i Västernorrland, tack för att ni har bistått med båtlån 

och rundtur till Remmarsjön och S. Bergsjön. Fastighetsägare Åke Abramsson, och 

Örjan Norberg, tack för hjälp med lån av både båt och båtplats. Tack också till 

bonden Håkan Nilsson för assistans när låset strulade.  
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7.       APPENDIX 

Table 1.     Species composition in Lake Remmaren (2011 and 2012). Numbers are 

total occasions every species was found in the chamber on 10 lines (Fig. 5) 

Remmarsjön  
2011 
May 

2012 
May 

2011 
June 

2012 
June 

2011 
July 

2012 
July 

2011 
Aug. 

2012 
Aug. 

Rhodomonas lacustris 
 

23 1 60 
 

214 
 

435 

Cryptomonas sp. 11 24 32 35 
 

116 5 138 

Asterionella formosa 8 
 

5 
 

10 
 

36 
 

Diatom 70 35 37 44 13 19 18 11 

Tabellaria flocculosa 17 30 26 
 

20 
 

9 
 

Aulacoseira sp. 2 3 2 4 4 3 3 8 

Ulnaria sp. 
  

7 
 

32 
 

13 
 

Rhizosolenia longiseta 9 
 

12 
 

36 1 60 
 

Coelastrum sp. 
 

1 
 

4 
   

94 

Isthmochloron trispin. 
  

3 4 
   

14 

Katablepharis ovalis 16 4 
 

75 
 

40 
 

8 

Dinobryon divergens 2 
 

37 20 92 5 60 12 

Dinobryon bavaricum 2 
 

54 7 136 14 39 6 

Dinobryon suecicum 4 
  

73 1 15 2 46 

Dinobryon cylindricum 9 2 
 

2 
 

4 
 

23 

Dinobryon njaukarense 
   

25 
 

26 
  

Dinobryon sp. 17 5 10 2 10 1 
 

1 

Mallomonas crass. 8 
 

51 3 46 
 

50 19 

Mallomonas tonsurata 
   

34 
   

5 

Mallomonas sp. 
 

2 13 
 

19 49 16 
 

Bitrichia ollula 8 
  

103 
   

21 

Bitrichia chodatii 
  

1 6 1 20 5 
 

Pseudokephyrion entzii 
  

4 25 1 
  

6 

Kephyrion spirale 
     

6 
 

26 

Kephyrion boreale 8 
 

2 16 
   

5 

Peridinium umbonatum 34 2 26 
 

20 
  

15 

Merismopedia sp. 
    

1 
 

33 
 

Botrycoccus sp. 21 
 

10 
    

3 

Total Nr of Species 18 12 24 25 19 18 20 31 

Total Nr of phytoplankton 250 132 339 566 449 583 367 1033 
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Table 2.     Species composition in Lake S. Bergsjön (2011 and 2012). Numbers are 

total occasions every species was found in the chamber on 10 lines (Fig. 5) 

 

 

 

 
S. Bergsjön 

2011 
May 

2012 
May 

2011 
June 

2012 
June 

2011 
July 

2012 
July 

2011 
Aug. 

2012 
Aug. 

Rhodomonas lacustris 
 

3 
  

17 314 85 253 

Cryptomonas sp. 70 88 112 12 183 1259 353 172 

Diatom 12 11 10 47 6 8 16 11 

Tabellaria flocculosa 4 13 47 60 73 101 91 91 

Aulacoseira sp. 4 1 
 

15 2 91 1 197 

Melosira sp. 1 
 

67 
 

126 
 

630 
 

Rhizosolenia longiseta 
    

95 
 

17 183 

Coelastrum sp. 
 

2 
  

1 11 13 6 

Katablepharis ovalis 1 1 5 22 4 67 4 19 

Dinobryon divergens 
  

5 
 

10 
 

22 1 

Dinobryon bavaricum 
  

73 10 105 36 19 29 

Dinobryon suecicum 
  

3 9 6 83 1 18 

Dinobryon borgei 
     

12 
 

8 

Dinobryon njaukarense 
    

23 26 3 6 

Dinobryon sp. 
  

3 29 9 45 11 45 

Mallomonas crassisquama 2 
 

6 1 9 10 10 2 

Mallomonas akrokomos 7 4 8 20 29 3 9 

Mallomonas sp. 
  

5 13 26 41 10 86 

Bitrichia chodatii 
    

2 2 
 

3 

Pseudokephyrion entzii 
  

4 32 5 33 15 35 

Kephyrion boreale 
    

3 6 5 28 

Peridinium umbonatum 2 1 8 
 

4 24 4 
 

Merismopedia sp. 
    

5 3 1 10 

Chrysococcus cordiformis 
  

9 
 

985 239 
 Chrysococcus furcatus, 

resting cyst 1 5 
      

Closterium sp. 
  

2 
 

5 
 

1 1 

Paramastix conifera 
 

6 
 

2 
 

2 
  

Resting cyst (Dinobryon) 
 

31 
 

11 
 

51 
 

39 

Total Nr of Species 11 13 19 18 28 27 26 28 

Total Nr of phytoplankton 103 170 362 287 748 3254 1567 1284 



28 

Table 3.     Species composition in Lake Gransjön during 2011 and 2012. Numbers 

are total occasions every species was found in the chamber on 10 lines (Fig. 5) 

Gransjön 
2011 
May 

2012 
May 

2011 
June 

2012 
June 

2011 
July 

2012 
July 

2011 
Aug. 

2012 
Aug. 

Rhodomonas lacustris 95 442 54 203 
 

536 208 693 

Cryptomonas sp. 376 59 291 18 121 220 253 74 

Asterionella formosa 6 1 1 1 6 6 81 191 

Diatom 17 4 5 11 40 7 28 11 

Tabellaria flocculosa 1 1 13 3 13 5 10 5 

Aulacoseira sp. 2 8 41 2 49 19 23 7 

Ulnaria sp. 2 44 2 60 1 105 59 39 

Rhizosolenia longiseta 1 
   

7 75 57 65 

Coelastrum sp. 
 

39 
 

6 
 

46 
 

2 

Coelastrum sp. 16 24 2 202 8 362 13 113 

Monoraphidium graffithii 16 41 51 5 217 7 94 15 

Katablepharis ovalis 6 
 

4 
   

93 148 

Dinobryon divergens 
   

40 
 

31 6 15 

Dinobryon bavaricum 
 

5 1 8 17 
 

82 
 

Dinobryon suecicum 
 

12 
 

12 1 
   

Dinobryon cylindricum 54 2 4 5 2 
   

Dinobryon crenulatum 
   

9 39 301 
  

Dinobryon sp. 45 1 37 20 
 

62 8 101 

Mallomonas tonsurata 19 
  

12 
 

1 
 

8 

Mallomonas crassisq. 83 
 

6 
   

5 
 

Mallomonas sp. 126 18 4 26 7 14 23 40 

Bitrichia chodatii 1 
   

20 24 
 

6 

Pseudokephyrion entzii 7 150 
 

20 
 

5 
  

Peridinium umbonatum 
   

1 9 59 58 65 

Merismopedia sp. 3 
 

116 1 500 87 41 369 

Snowella sp. 
  

38 
 

16 
 

7 14 

Chrysococcus furcatus, 
resting cyst 8 6 5 

 
2 

 
1 

 
Ceratium hirundinella 1 

 
1 

 
1 7 

 
10 

Resting cyst (Dinobryon) 8 6 27 31 2 31 4 76 

Total Nr of Species 24 20 21 23 26 26 29 26 

Total Nr of phytoplankton 896 865 704 697 1087 2016 1204 2075 

 

 


