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Abstract 
 

 

Lake ecosystems in subartic areas are sensitive to climate changes. This is partly because 

climate change (increased air temperature and N-deposition) is predicted to be pronounced 

in northern latitudes, but also because lakes in this area are unproductive and sensitive to 

small changes in environmental conditions. Still, climate impact on high latitude lake 

ecosystems are poorly understood. This study assess how physical/chemical lake water 

parameters, and elemental carbon:nitrogen:phosphorus (C:N:P) stoichiometry varies in 

seston and zooplankton in 11 subartic lakes situated along an altitudinal gradient (400 > 

1000 m.a.s.l.) in northern Sweden. The studied 11 lakes (situated in the Abisko region 68°N, 

18°E), follows a climate gradient comprising an air temperature difference of about 6°C.  

Physical/chemical lake water parameters, stoichiometry of seston and zooplankton, and 

zooplankton biomass was measured three times over the ice-free period (from June to mid-

September) in 2011. The air- and water temperature decreased with higher altitude, whereas 

PAR (photosynthetically active radiation) increased with higher altitude. However 

conductivity did not differ with altitude. Differences in catchment characteristics and climate 

resulted in increasing DOC and total N concentrations, but declining dissolved inorganic N: 

total P DIN:Tot-P and DIN:Tot-N ratios with lower altitudes in the lakes. Seston C were 

overall low and declined with decreasing altitude. Zooplankton biomass and species 

composition varied between lakes and sampling occasions and was not correlated to seston C 

concentrations or with altitude. Stoichiometry of seston (C:N, C:P, N:P) varied little with 

altitude and between lakes. For zooplankton (i.e. both Cladocerans and Copepods) C:N ratios 

were generally lower than in seston, whereas the C:P and N:P ratios generally were higher. 

Hence, when assessing elemental imbalances between seston and zooplankton the results 

indicates that zooplankton was mainly N limited and recycled P. The results therefore differs 

from other studies, implying that P recycling by zooplankton, may skew the N:P ratios to 

even lower values, possibly enhancing N-limitation in phytoplankton in these lakes. The 

results imply that future climate change, i.e. increased air temperature affecting vegetation 

cover and extension of the growing season (prolongation of the ice-free periods on higher 

altitudes) as well as N-deposition will most likely have profound effect on zooplankton 

development and lake ecosystems dynamics in subartic northern Sweden.  
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1 Introduction and aim 
 

 

Lake ecosystems in subarctic regions  are sensitive to climate changes. This is partly because 

climate change (i.e. increased air temperature and enhanced nitrogen deposition) is 

predicted to be pronounced in northern latitudes (Cattle and Crossley 1995, Hole and 

Endgardt 2008), but also because lakes in this area are unproductive and therefore highly 

sensitive to small changes in environmental conditions (Karlsson et al. 2005). The studied 

lakes are all situated in the Abisko region (68ºN, 18ºE), northern subartic Sweden, and 

represents different lake types depending on the altitude on which they are located: sub-

alpine lakes (400–500 m a.s.l.), low-alpine lakes (700-800 m a.s.l), mid-alpine lakes (800-

1000 m a.s.l.) and high-alpine lakes (> 1000 m a.s.l.). High-alpine lakes are typically clear-

water lakes with no or limited vegetation cover in their catchment. With decreasing altitude, 

warmer conditions promotes the presence of higher coverage of vegetation in the catchment, 

thus, increasing inputs of allochthonous dissolved organic carbon (DOC) and nutrients, such 

as nitrogen (N) and phosphorus (P) (Karlsson et al. 2005). Thus the major external 

influences on the lakes and their catchments are those connected to differences in air 

temperature  and vegetation along the gradient (Nauwerck 1994). The Abisko area is one of 

the few areas in the world where it’s possible to study sub-, low-, mid and high-alpine lakes 

with very low anthropogenic environmental impact and similar N-deposition. The differences 

in altitude and climate will therefore have an impact on both physical and chemical 

parameters in lakes, affecting basal pelagic productivity (Karlsson et al. 2005) and lake water 

stoichiometry (Bergström et al. 2008). It is most possible that these differences in 

environmental variables across the altitude/climate gradient will cause differences not only 

in amount of energy and carbon produced at basal trophic levels (Karlsson et al. 2005), but 

also in community C:N:P ratios between basal producers (phytoplankton and bacteria) and 

consumers (zooplankton). This may subsequently affect trophic interactions and how 

efficient nutrients and energy is transferred up the pelagic food web (Sterner and Elser 

2002).  

The aim of this study was to examine if physical/chemical lake parameters, zooplankton 

structure and nutrient limitation of zooplankton changed in lakes situated along an 

altitudinal gradient in the Abisko region, northern subarctic Sweden.  

 

Four specific questions were addressed: 

 

I)  Are there differences in physical- and chemical lake parameters along the 

altitude gradient? 

 

II) Does food quantity (i.e. seston C) and zooplankton biomass and composition 

differ along the altitude gradient? 

 

III) Does the C:N:P stoichiometry of seston and zooplankton shift along the altitude 

gradient? 

 

IV) Are zooplankton communities along the altitude gradient nutrient limited, and 

are different nutrients (N or P) limiting Cladocerans and Copepods? 
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2 Background 

 

 

2.1 Physical parameters 

 

Water temperature affects among other things growth rates of organisms. Due to differences 

in density, changes with increased temperature a thermal stratification develops in lakes. As 

the surface water is warmed and become less dense, the relative thermal resistance of mixing 

increases markedly. A difference of only a few degrees is enough to prevent total circulation. 

From that time and onwards, the water column is thermally divided into three regions, which 

are exceedingly resistant to mixing with each other. This will result in limited or total lack of 

interchange of nutrients and oxygen between these stratum, which can result in lack of 

oxygen at the bottom, due to oxygen consuming processes, and low nutrient content in the 

surface waters. The upper stratum (epilimnion) is characterized of more or less uniformly, 

warm, circulating, and fairly turbulent water. The epilimnion essentially floats upon a cold 

and relatively undisturbed region of more dense, cooler and relatively quiescent water, the 

hypolimnion. The stratum between the epilimnion and hypolimniom is termed the 

metalimnion and exhibits a marked thermal discontinuity. The metalimnion is defined as the 

water stratum of steep thermal gradient (Fig 1) (Wetzel et al. 2001 A).  

 

 
Figure 1. Schematic representation of thermal stratification of a lake. Dashed lines indicates planes for 

determining the approximate of the metalimnion (taken from Wetzel et al. 2001 A). 

 

The depth of the strata of greatest thermal discontinuity (usually accepted as a change of > 

1ºC per meter), i.e. the thermocline, varies greatly among lakes and from year to year in 

relation to weather conditions e.g. rapidly solar heating and wind included mixing lakes can 

be categorized according to altitude and latitude (i.e. climate) and their stratification and 

circulation patterns. The categorization refers to lakes that are sufficient of depth to form a 

hypolimnion. Most lakes of the cool temperate regions (40-60 degrees latitude) of the world 

are called dimictic. Dimictic lakes circulate freely twice a year in spring and fall and are 

stratified in summer and inversely stratified under ice cover during winter. Along altitudinal 

gradients such in the studied area its common to find different lake types as caused by 

different stratification and circulation patterns. Cold monomictic lakes circulates one period 

in summer at 4°C and are common in arctic and mountain areas on higher altitudes. 
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Furthermore, the lower air temperatures on higher altitudes will consequently affect the 

length of the stratification period, and length of ice cover in these high altitude lakes, 

resulting in shorter  growing season on higher altitudes (Wetzel et al. 2001 A). 

 

Photosynthetically active radiation (here in after, PAR) is the amount of light available for 

photosynthesis, which is light in the 400 to 700 nanometer wavelength range (Häder et al. 

2003). The amount of subsurface irradiance available at the shortest wavelengths (UV-light) 

is very small, especially if the water contains significant amounts of dissolved organic 

compounds (as most inland waters do). The penetration of light into water can change and 

vary significantly and is determined by physical, chemical and biological conditions, 

including incident solar radiation i.e. average angle of the incident light and, thus by latitude, 

season, time of day, cloudiness, air pollution and other atmospheric conditions (Miller and 

McPherson 1995). Location in a lake and variations in the distribution of particulate matter 

will also have an impact on PAR. Thus when particulate matter is concentrated in 

metalimnion of a thermally stratified lake, either as a result of reduced sinking as the 

particles encounter increased water densities or as a result of the development of large 

populations of plankton in certain strata, PAR can decrease towards the bottom of the lake. 

PAR can also decrease markedly in areas of the lake were wind-induced currents and wave 

action agitate and temporarily suspend littoral and shore deposits of particulate matter (Tyler 

1961). The effects of dissolved organic carbon (DOC) on the absorption of light energy are 

very marked. In comparison to distilled water, lake water with increasing concentrations of 

dissolved organic compounds will reduce the light transmission of light drastically. Common 

to all humic waters is a very high absorption of short wavelengths, which results in a 

significant heating effect i.e. stronger stratification and a changing underwater light climate 

(Morris et al. 1995). This effect will result in both direct and indirect effects on the biota 

within the lake. If the water is stratified and the DOC concentration in epilimniom increases, 

light availability will decrease for phytoplankton. However, higher DOC concentrations will 

lead to increasing water temperature, and directly affect growth rate of all organisms within 

the system, and affecting mixing depth (epilimnion depth) and the light climate, as well 

(Jones 1998).  

 

2.2 Chemical parameters 

 

The electrolytic conductivity (here in after, conductivity) is a measurement of the water´s 

content of dissolved nutrients (ions) in mS/cm, where the dominating cations are calcium 

(Ca2+), magnesium (Mg2+), sodium (Na+) and potassium (K+) and the dominating anions are 

hydrogen carbonate (HCO3
-), sulphate (SO4

2-) and chloride (Cl-). Measurements of the 

conductivity in freshwater provides information on soil and bedrock conditions in the 

catchment area, weathering capacity and climate (Wetzel et al. 2001 B), but can also indicate 

discontinuities and/or deviation due to natural or anthropogenic influence, i.e., atmospheric 

deposition and climate related factors (Länsstyrelsen i Norrbotten (the County 

Administrative Board in Norrbotten))(1996).  

 

Input of terrestrial organic matter can either be dissolved (DOC) or particulate carbon (PC) 

or in the form of terrestrial prey items (small living organisms). The majority (90%) of the 

total organic carbon in lakes is found in the dissolved fraction (Thurman 1985). DOC consists 

mostly of humic carbon including fulvo- and, humic acids and can serve directly as an 

external substrate for bacterial growth (Tranvik and Jansson 2002), whereas direct 
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utilization of terrestrial PC for higher consumers such as zooplankton is questionable 

(Wenzel et al. 2012). However, both DOC and PC play a basal role in the pelagic food web 

(Brady 1984). 

 

Intense ecological interest in phosphorus (P) originates from its major role in metabolism in 

the biosphere. In comparison to the relatively rich supply of other major nutritional and 

structural components of the biota such as carbon (C), nitrogen (N), oxygen (O), sulphur (S), 

P is lest abundant and commonly limits biological productivity in aquatic ecosystems (Wetzel 

et al. 2001 C). A very large proportion, greater than 90%, of the P in fresh water occurs as 

organic P and cellular constituents in the biota and adsorbed to inorganic and dead 

particulate organic materials. The cycling of phosphorus is complex and perhaps the most 

important measure is total P (Tot-P) content of unfiltered water, which consists of the 

phosphorus in particulate and  dissolved forms (i.e. particulate P > 0.45µm and dissolved 

forms <0.45µm) (Juday et al. 1927, Ohle 1938). Particulate P includes: 1) P in organisms, 2) 

mineral phases of rock and soil which P is adsorbed onto inorganic complexes such as clays 

and carbonates, 3) P adsorbed onto dead particulate organic matter or in organic 

aggregations. Dissolved P is composed of: 1) phosphate (PO4), 2) organic colloids or P 

combined with adsorptive colloids. The Tot-P of most uncontaminated surface waters is 

between 10-50 µg P liter -1. Variation is high, however, and can be related to characteristics of 

regional geology. Phosphorus levels of freshwater are generally lowest in mountainous 

regions of crystalline bedrock. Lakes rich in organic matter tend to exhibit high total 

phosphorus concentration (Wetzel et al. 2001 C). Table 1 shows classification in surface 

waters (May-October), according to criteria by Swedish Environmental Protection Agency 

(Swedish EPA 1999). 

 
Table 1. Classification in surface waters (May-October) according to criteria established by the Swedish EPA 

(1999).  

Tot-P (µg/l) 
Classification 

            <  12.5 Low levels 

    12.5   -   25 Moderate levels 

       25   -   50 High levels 

       50   -   100 Very high levels 

>   100 Extreme high levels 

 

Nitrogen (N) occurs in fresh waters in numerous forms. For example, dissolved molecular 

nitrogen gas (N2), a large number of organic compounds from amino acids, amines, to 

proteins and humic compounds of low nitrogen content, nitrate (NO3
-), ammonia (NH4+) 

and nitrit (NO2-). Sources of N include 1) precipitation falling directly on lake surface, 2) N 

fixation both in water and sediments and 3) inputs from surface and groundwater. The 

amount of N loadings to lakes from atmospheric sources has generally been considered as 

minor in comparison to direct N loadings from terrestrial runoff. However, in relatively 

oligotrophic mountainous regions with weathering resistant bedrocks and sparse soil cover, 

atmospheric N deposition are often a significant source of N to lakes (Likens and Bormann 

1972, Elser et al. 2009). In these uncontaminated areas the presence of vegetation plays a 

major determining role in export of NO3- from the terrestrial area to lakes. Vegetation in the 

catchment fixates NO3- and, thus, catchments from the forested subalpine belt to the lightly 

vegetated high alpine belt will result in different nutrient loadings to lakes. At these 

mountainous regions, snow is a key source of NO3-. Hence, the runoff will result in an ionic 
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pulse within the lake at snow melt (Williams and Melack 1991). The rest of the season 

nutrients are supplied by internal nutrient recycling and, thus, N:P ratio will vary over the 

year. Except under very alkaline conditions (pH > 9.0), most of the ammonia (NH3) in fresh 

water exists in the ionic inorganic form NH4
+. Ammonia is generated by biological 

dissimilation of nitrate. Much of the ammonia arises as a primary end product of the 

decomposition of organic matter by bacteria. Ammonia is an important source of nitrogen for 

bacteria, algae and larger plants in lakes and streams (Wetzel et al. 2001 D). The distribution 

of ammonia in fresh water is highly variable regionally, seasonally and spatially within lakes 

depending upon the level of productivity and the extent of pollution from organic matter 

(Wetzel et al. 2001 D). Table 2 describes classification in surface waters (May-October), 

according to criteria by Swedish Environmental Protection Agency (Swedish EPA 1999).  

 
Table 2. Classification in surface waters (May-October) according to criteria established by the Swedish EPA 

(1999).  

Tot-N (µg/l) 
Classification 

            <  300 Low levels 

    300   -   625 Moderate levels 

   625   -  1250 High levels 

 12 50  - 5000 Very high levels 

    >   5000 Extreme high levels 

 

2.3 Pelagic food web structures and nutrient limitation 

 

The climate sets frames for abiotic and biological processes in lakes and also for their 

function and productivity. Production at higher tropic levels is based on the mobilization of 

energy at the base of the food web. Energy mobilization at the base of the food web is 

controlled by the availability of energy sources and inorganic nutrients (N and P). Lake 

ecosystems have for long been regarded as autotrophic (Tranvik 1989). In autotrophic 

systems, photosynthetic organisms (i.e. phytoplankton) use inorganic carbon as their carbon 

source and light as their energy source. Recent studies show that a significant share of the 

pelagic energy mobilization in both clear-water and colored unproductive lakes originate 

from heterotrophic pathways (Tranvik 1989). In heterotrophic systems bacterial 

consumption of allochthonous organic carbon mobilizes energy and channels it to higher 

tropic levels. Therefore, the productivity of unproductive lakes account for two separate 

energy sources, solar radiation (used by phytoplankton) and allochthonous organic carbon 

(used by bacteria) which share the same inorganic nutrient pool (Jansson et al. 2000; 2007, 

Karlsson et al. 2002). Recent studies have shown that 30-70% of the organic carbon content 

of all organisms at all trophic levels in clear-water, humic and mesotrophic lakes can be of 

allochthonous origin (Jansson et al. 2007). Bacteria are efficiently grazed by phagotrophic 

microorganisms (e.g. flagellates and ciliates)(Fenchel 1982) and by filter feeding zooplankton 

such as large Cladocerans (Vrede and Vrede 2005). Strong support for the role of bacteria as 

a link between allochthonous organic carbon and the rest of the food web has been provided 

for oligotrophic clearwater lakes and humic lakes (Blomqvist et al. 2001, Jansson et al. 

2007). Climate influence on pelagic energy mobilization may be direct via water temperature 

warming, changes in light insolation and in the precipitation/runoff regime, but also indirect 

via climate regulations of processes in the lake catchment that determine export of organic 

carbon and inorganic nutrients (Karlsson et al. 2005). 
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Figure 2. Principle of carbon fluxes in pelagic lake food webs (taken from Jansson et al. 2007). 

 

The zooplankton communities in the pelagic food web of most lakes are dominated by 

Cladocerans and Copepods, and they play a major role serving as a link between bacteria, 

phytoplankton (i.e. the basal trophic levels) and fish. Cladocerans are mentioned as mainly 

non-selective filter-feeders, feeding to a large extent on the smallest members of the plankton 

including bacteria. By contrast, Copepods feed selectively on larger phytoplankton, flagellates 

and ciliates. Therefore, energy and nutrient transfer from bacteria to Cladocerans largely 

occurs along a two-link food chain and to Copepods along a three-link chain (Sommer and 

Sommer 2006, Jansson et al. 2007) (Figure 2). Fish populations have considerable effects on 

the abundance and diversity of zooplankton. In particular, size-selective predation by fish 

leads to shifts in the relative composition of the zooplankton community, from large 

Cladocerans to smaller Cladocerans, and to Copepods (Brooks and Dodson 1965,  Jansson et 

al. 2007). 
 

2.4 Food quantity and quality and effects on consumer growth 

 

To understand zooplanktons development and their demands for growth it’s necessary to 

introduce and describe the term ecological stoichiometry. Ecological stoichiometry can be 

explained as the ratios of the most important elements and how their relative proportions 

influence species characteristics and ecosystem processes like secondary production 

(zooplankton). In this report ecological stoichiometry refers to carbon:nitrogen:phosphorus 

i.e. C:N:P ratios regarding how limitation in nutrients affects zooplanktons communities and 

growth. Growth rate and biomass development of different zooplankton groups depends on 

food quantity and food quality. Food quantity concerns the amount of all necessary resources 

for zooplankton and can therefore be regarded as a possible limiting factor in the food web. 

Seston (in this report referred to as food for zooplankton) consists of microscopic organisms 

such as bacteria, phytoplankton, but also includes inorganic and dead organic particles 
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(detritus). Hence, the food quantity is determined by the amount and availability of seston 

(the C concentration) and the food quality by its elemental composition (the C:N:P ratios).  

 

For Daphnia, if food amounts are limiting, it will negatively affect its somatic growth and 

reproduction (Lynch 1989). Below concentrations of 1 mgC/L growth of Daphnia starts to 

decline, and at levels of 0.4 mgC/L the decline is particularly pronounced (McCauley et al. 

1990, Muller-Navarra and Lampert 1996). Considering quality, it can limit zooplankton 

growth if the carbon:nutrient ratios differs compared to the same ratio in the consumer 

(Sterner and Hessen 1994). Zooplankton are considered as homeostatic organisms i.e. they 

keep their elemental C:N:P ratio constant. Phytoplankton (food resource) is non-homeostatic 

and can change their elemental ratios depending on energy (light) and nutrient availability in 

the lake system and are better adapted to changes in nutrient and carbon availability in 

ecosystems compared to zooplankton (Sterner and Elser 2002). Bacteria is considered as 

homestatic, and Danovaro et al. (2000) suggests that bacteria might be able to selectively 

utilize nutrient-rich compounds and therefore avoid the problem of uptake of excess C. From 

this it follows that if the C:nutrient ratio of the food differs substantially from the C:nutrient 

of the consumer those will be either carbon limited (C:nutrientresource << C:nutrientconsumer) or 

nutrient limited (C:nutrientresource >> C:nutrientconsumer) (Sterner and Elser 2002).  

 

The elemental imbalance of the producer-consumer interaction is defined as the ratio of two 

different elements (X:YI = X:Yresource – X:Yconsumer) (Dobberfuhl and Elser 2000). According to 

Sterner and Hessen (1994) the elemental imbalance between trophic levels is important 

because if the elemental ratio of seston (resource) deviates from that of the zooplankton 

(consumer), the elemental imbalance will indicate if the zooplankton production in lakes will 

be nutrient limited. If elemental imbalance between resource and consumer occurs, 

zooplankton can either start to respire or excrete carbon or recycle nutrients. Hence, if 

sestonC:N > zooplanktonC:N or sestonC:P > zooplanktonC:P indicates excess of carbon and 

respiration (of carbon) will occur. Opposite follows if SestonC:N, C:P < zooplanktonC:N; C:P, 

indicates excess of nutrients and nutrient recycling occurs of either N or P. If sestonN:P > 

zooplanktonN:P indicate excess of N, thus N will be recycled and the zooplankton will be P 

limited. Opposite follows if sestonN:P < zooplanktonN:P, indicating excess of P, thus P recycling 

occurs and zooplankton will be limited in N. 

 

When comparing different taxa, Cladocerans, like Daphnia, can be found at the higher end of 

the C:N spectrum and lower end of the C:P spectrum, with a relatively high phosphorus 

content and comparatively high P-demands (Andersen and Hessen 1991, Grimsevik 1997, 

Sterner and Elser 2002). Copepods, on the other hand, display lower C:N ratios and higher 

C:P ratios and  are less sensitive to P-limitation, and have higher demand for N (Grimsevik 

1997, Hasset et al. 1997, Sterner and Elser 2002). The threshold element ratio (here and after 

TER) is the elemental ratio at which growth limitation occurs. The following ratios has been 

defined for Cladocerans and Copepods: TERC:P Cladocerans: 200-300 (Sterner and Hessen 

1994, Sterner and Elser 2002), TERC:P Copepods: >300 (Kibby 1971, Hessen and Lyche 1991), 

TERN:P Cladocerans: ~12-18 (Baudoin and Scoppa 1975, Andersen and Hessen 1991, Hessen 

and Lyche 1991) and TERN:P Copepods:>30 (Båmstedt 1986, Andersen and Hessen 1991, 

Hessen and Lyche 1991). This means that if the TERC:P > 300 the zooplankton will be limited 

in P and opposite, if the TERC:P < 300 the zooplankton will be C limited. Furthermore, if the 

Cladocerans TERN:P > 12-18, P limits growth and if TERN:P < 12-18, N limits growth. The same 

follows for Copepods. If TERN:P > 30, P limits growth and if TERN:P < 30, N limits growth. 
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3 Material and methods 

 

 

3.1 Study area 

 

Eleven subarctic headwater lakes situated along an altitudinal gradient (from 382 to 1140 m 

above sea level) were included in the study. The lakes reach from the sub- to high-alpine belts 

in the Abisko area (68ºN, 18ºE), northern sub-arctic Sweden (Figure 3 and 4).  

 

 
Figure 3. The study area. Solid red dots indicate the locations of the 11 studied lakes in the Abisko region (red star 

shows the location of village Abisko). 

 

 
Figure 4. Altitudinal distribution of the 11 study lakes. 

 

The lake catchments represent the conditions of four different vegetation belts, which reflect 

differences in climate (Carlsson et al. 1999), following differences in altitude. The sub-alpine 

belt is dominated by a tree cover of mountain birch (Betula pubescens Ehrh.). Above the tree 

line, the low-alpine belt extends upwards to where blueberries (Vaccinium myrtillus L.) 

disappear. A heath vegetation of dwarf shrubs dominates this belt. The mid-alpine belt 
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consists mainly of grassy sparse heath, though dwarf shrubs are still common. The highest 

altitudes in this study coincide with the high-alpine belt, with a discontinuous vegetation 

cover dominated by lichens and mosses. All lakes are located on bedrock highly resistant to 

weathering, such as granite, gneiss and amphibolite. A large part of the high alpine belt 

consists of boulder fields and bedrock outcrops, and of a permanent snow and ice fields and 

small glaciers (Karlsson et al. 2005). These characteristics of the vegetation and geology are 

common and easily identified throughout most of the mountain range in the subarctic north 

of Sweden (Karlsson et al. 2001). 

 

The change in vegetation with altitude largely reflects a corresponding change in climate, i.e., 

temperature, precipitation and wind (Carlsson et al. 1999). Mean air temperature for each 

sampling occasion was estimated by applying a lapse rate of 0.57°C per 100-meter elevation 

(Laaksonen 1976), based on temperature data from Abisko Scientific research station (385 m 

a.s.l.). The mean air temperatures during the study period were estimated to range between 

5.3 and 11.4 °C. All lakes are small with areas between 2 and 27 ha. The ice-free period varies 

from approximately 4.5 months in the subalpine belt to approximately 3 months in the high-

alpine region. The lakes are fishless or contain nined-spined sticklebacks (Pungitus pungitus) 

and or sticklebacks and arctic char (Salvelinus alpinus) (Karlsson et al. 2005, Karlsson and 

Byström 2005, Jansson et al. 2010) (Table 3). 

Table 3. Physical characteristics of the 11 studied subarctic lakes in Northern Sweden. Column heads are as 

follows: coordinates (X;Y); altitude (Alt); lake surface area (Area); lake percentage of catchment area (LP %); 

maximum lake depth (Zm);Presence of fish (fish). n.r. = not reported. SA = Sub-alpine, LA = Low-alpine, MA = 

Mid-alpine and HA = High-alpine. (Data on rows 4-6 and 7-9 were taken from Karlsson et al. 2002).  

                
Mean alt of 

Vegetated 

   
Lake Alt Area LP Zm  catchment Catchment 

Lake X Y (m a.s.l.) (ha) (%) (m) Fish (m a.s.l.) (%) 

SA1 758600 163799 382 5.4 38.6 6 Char, 390 100 

       

Stickleback 
  

SA2 758774 163025 390 5.7 10 4.5 Char 400 100 

SA3 759600 160771 450 3.5 n.r. 

 

Char 460 100 

SA4 759662 160804 470 2.0 12.0 13.7 Char 480 100 

LA5 757280 165585 710 3.5 14.0 8.2 Char, 734 100 

       

Stickleback 
  

MA7 758216 163685 850 1.9 9 8.2 Char 874 100 

MA8 758167 163646 865 10.9 7 10.7 Char 966 82 

MA9 757995 163588 998 17.4 14 15.8 Char 1100 90 

MA10 758870 161901 999 1.4 2.3 
 

No 1129 70 

HA11 757842 161927 1045 17.4 7 12 No 1314 4 

HA12 757467 162494 1140 26.6 5 24 No 1478 1 

 

The annual mean temperature and annual precipitation (1961-1990: climate stn 250-508 m 

a.s.l.) range from -0.8 to -2.0ºC and 300 to 1,000 mm/yr, respectively (Alexandersson et al. 

1991). Generally, precipitation increases westwards over the mountain range, but with high 

variability due to local topographical conditions (Karlsson et al. 2001). Precipitation during 

summer ranges from 230 to 290mm, with minor differences related to altitude (Karlsson et 

al. 2005). Anthropogenic impact on the lakes through land use or atmospheric deposition is 

neglible (Nauwerck 1994, Bergström et al. 2008). Today, N deposition over subarctic 
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Swedish mountain areas is one of the lowest in the world (< 1 kg N/ha yr.). The mean wet 

inorganic DIN deposition (kg N/ha yr) has been fairly stable during the last decades (10 year 

means with standard deviation); 1980s: 0.325±0.125, 1990s: 0.225±0.158 and 2000s: 

0.369±0.122 kg N/ha yr (IVL Swedish Environmental Research Institute ltd. 2003). 

3.2 Sampling 

Sampling for the analysis of water chemistry and planktonic composition was carried out 

three times from early June to August in sub-, low and mid alpine lakes (SA1-4, LA5 and 

MA7-9), and late June-September for the high alpine lakes (HA11 and HA12). Water was 

collected with a tube sampler (30 x 8 cm) at the deepest point of the lake at a depth of 1,5m 

below surface. The water was then transferred into an acid washed and three times lake water 

rinsed 1l plastic bottle and brought back to lab to be analyzed for dissolved organic carbon 

(DOC), total nitrogen and total phosphorous (TN, TP), and dissolved inorganic nitrogen 

(DIN). A second water sample was taken and filtered through a 50 µm filter into an acid 

washed 1l bottle. The filtering was done in situ to prevent the eventual presence of 

zooplankton to grace on the particulate material while sample was brought back to lab to be 

analyzed for Seston.  

Sampling for biomass (µg-1 dry weight) and community structures of zooplankton were 

sampled at the same location as the water samples. Samples were obtained by vertically 

hauling a plankton net (25 cm Ø mesh size 100 µm) one meter from the bottom to the surface 

of the lake. Samples were preserved with Lugol´s solution, brought back to lab and stored 

cold in a refrigerator for further analyses. 

Zooplankton for C:N:P stoichiometry was sampled as the same procedure as biomass and 

community structures, but instead of one haul 10-15 hauls were obtained to make sure that 

the number and biomass of zooplankton, e.g. content of P, N and C was enough to exceed the 

detection limit for the analyzing equipment. The samples from the hauls were transferred 

into a 500ml acid washed plastic bottle and brought back to lab. In lab, zooplankton were 

filtered over a net (mesh size 200µm). The filter was then wrapped in aluminum foil and 

stored frozen. 

Water temperature, conductivity and PAR was measured at 0.01m, 0.5m, 1m, 1.5m and then 

at every meter of the water column towards the bottom. Water temperature and conductivity 

was measured using a WTW multiline P4 instrument (WTW Wissenschaftlich- Technische 

Werkstätten GmbH, Weilheim, Germany). PAR was measured using a LI-193 Spherical 

Quantum Sensor (LI-COR Biosciences, Lincoln, Nebraska, USA). Using the light profile, the 

extinction coefficient and the mean light intensity in the mixed layer (Im) were calculated 

using formula (1). 

    
        

   
                                                                                        (1) 

Where K is the light extinction coefficient in m-1 and Zm is the mixed layer depth in meters 

(Dobberfuhl and Elser 2000). 
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3.3 Analyses 

Subsamples were taken out from the unfiltered 1l plastic bottle for analyses of DOC, DIN, TN 

and TP. For determination of DOC, 50 ml water was passed through a pre-combusted 

(550ºC, 4h) 25mm GF/F filer (Whatman Arbor technologies, Ann Arbor, MI, U.S.A.) into a 

50 ml falcontube. The falcon tube was then labeled with lake id, date and frozen for later 

analysis. DOC were run at the department of Ecology and Environmental Science, Umeå 

University using an IL 550 TOC/TN analyzer (Hach-Lange GmbH, Dusseldorf, Germany). 

For determination of TP and TN a second 50 ml falcon tube was filled with unfiltered water 

and stored frozen for later analyzes. For determination of DIN 50 ml water was passed 

through a 0.45 µm Sartorius syringe filter (Sartorious Stedim Biotech GmbH, Goettingen, 

Germany) into a 50 ml falcontube and stored frozen. The contents of these nutrients (TP, TN 

and DIN) were subsequently analyzed using standard methods at the Evolutionary Biology 

Center (EBC) Limnology Section, Uppsala, Sweden, following procedures of Bergström and 

Jansson (2000). The percentage proportions of DIN/Tot-N (%) and ratio between DIN:Tot-P 

were then calculated from mean values of Tot-N and Tot-P from the mean values, 

respectively. 

For analyzes of seston the 1l, 50 µm filtered water, was passed through a pre-combusted 

(550ºC, 4h) and acid-washed (1.2M HCL) 25mm GF/F filer (Whatman Arbor technologies, 

Ann Arbor, MI, U.S.A.). Water was passed through the filter until the filter was clogged. The 

volume filtered water ranged between 150-490 ml and notes of filtered volumes were noted 

for further calculations. This procedure was repeated twice, i.e. two filters, one for analyzes of 

C and N, and one for analyzes of P. The filters was transferred into a 40 mm plastic petri dish 

and stored frozen. Analyzes for C and N were run at Evolutionary Biology Center (EBC) 

Limnology Section, Uppsala, Sweden, and analyzed using a Costech ECS 4010 elemental 

analyzer (Costech International S. p. A.). Analyses  for Tot-P was run at the Department of 

Ecology and Environmental Science, Umeå University according to Swedish standard (ISO 

15681-1, rev 4) using a FIAstar 5000 (FOSS Inc.). 

To determine the dry weight of zooplankton it was necessary to subsample to reduce 

counting effort. This method involved taking subsamples of known volume from a 

concentrated sample and perform a total subsample count. In this case the bottle containing 

Lugol´s solution and zooplankton was diluted to 100 ml with MiliQ water. The sample was 

shaken to be homogenized and a pipette was used to transfer a 5 ml subsample into a 10 ml 

sedimentation chamber. The chamber was finally overflowed with MiliQ water and sealed by 

place a transparent top lid to eliminate dust and evaporation. This procedure was repeated 

three times (triplicates). Due to the species composition (variation in density) and to make 

sure all zooplankton had settled, a sedimentation time of 10 minutes was given before the 

sedimentation chamber was placed into the inverted microscope to be photographed (Figure 

5). 
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Figure 5. Principle for preparing zooplankton samples for photographing in microscope. 

Each image, (see figure 6) was analyzed and zooplankton was identified, counted and 

measured (length in pixels) (minimum 15 individuals for each taxon). Zooplanktons were 

grouped into Cladocerans and Copepods. Cladocerans consisted of Holopedium gibberum, 

Bosmina sp. and Daphnia sp. The Copepod group included larvae nauplii, Cyclopoida and 

Calanoida Copepods. 

 
Figure 6 a) measured (length in pixels) of a Cyclopoid copepod, b) Calanoida copepod, c) Daphnia sp., d) Bosmina 

sp., e) Copepod larvae nauplii and f) Holopedium gibberum.   

For conversion from pixels to mm the length in pixels was multiplied by factor 0.00424. 

Lengths were then converted into biomass using regressions relating body length to dry 

weight, according to formula (2) (Bottrell et al. 1976). 
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lnw = lna + b lnL                       (2) 

Where lnw is the natural logarithm of the dry weight (µg), lna is the estimate of the intercept, 

b the estimate of the slope (see Table 4) and lnL is calculated as the mean length of 

individuals (zooplankton) in the same population (L in mm). 

Table 4. Linear regressions relating length (mm) with dry weight (µg) in fresh water zooplankton. Equation: lnw = 

lna + b lnL (Bottrell et al. 1976). 

Species ln a b 

   Cladocerans 
  

   H. Gibberum 5.3976 2.0555 

Bosmina spp. 3.0896 3.0395 

Daphnia spp. 1.6 2.84 

   Copepods 
  

   Copepod larvae nauplii 0.6977 0.469 

Cyclopoid spp. 1.9526 2.3990 

Calanoida spp. 2.0365 1.8911 

      

 

The average biomass (dry weight) for the individual species in 5ml out of the total 100ml was 

calculated by formula (3). The formula mentioned below is an example for Daphnia, but the 

calculation was performed equally for all species. 

 

Dw (µg) = 
                                                                                     

                                        
             (3) 

 

To estimate the total biomass for all species in 100ml the average of 5 ml was multiplied by 

factor 20. The calculated unit (µg DW) was then converted density (µgDW/l) by formula (4) 

and formula (5). 

 

V = πr2 * l                                                                                                                                                   (4) 

 

Density (µg DW /l) = µg DW/V                                                                                                            (5) 

 

Where V is the volume passed through plankton net (25 cm Ø mesh size 100 µm) one meter 

from the bottom to the surface of the lake. r is the radius of the plankton net and l is the 

length of the haul. The calculation of density was performed on samples from all lakes 

sampled three times from June-September (n=33).  

 

For stoichiometric (C, N and P) determination, zooplankton was pooled into groups of 

Cladocerans (Holopedium gibberum, Bosmina sp. and Daphnia sp.) and Copepods (larvae 

nauplii, Cycklopoida and Calanoida). For analyses of C and N, each group were picked on 

pre-weight combusted (550ºC, 4h) 25mm GF/C filter (Whatman Arbor technologies, Ann 

Arbor, MI, U.S.A.), i.e. one filter with Cladocerans and one with Copepods. Same procedure 

was repeated for P, but pre-weight acid-washed (1,2M HCL) 25mm GF/C filters were used. 

The number of zooplankton picked depends on the elements to be analyzed. The analyzing 

equipment for P is more sensitive than analyzing equipment for C and N. The dry weight of 
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zooplankton needed for detecting C and N ranges between 200-400 µg DW and for P 100-

200 µg DW, which corresponds to at least 40 individuals of Copepods for C and N and 20 

individuals for P, 25- respectively 12 individuals for Daphnia and 14 respectively 7 

individuals for Holopedium. The filters were then dried (60 ºC ) over night and biomass (µg 

DW) was calculated according to formula (6). 

 

 Biomasszooplankton (µg DW) = Dried filter – Pre-weight filter                                                 (6) 

 

Biomass of zooplankton (µg DW) was then converted into (µg C) by multiplying by factor 

0.50. 

 

Analyzes for C and N were run at Evolutionary Biology Center (EBC) Limnology Section, 

Uppsala, Sweden,  and analyzed on a Costech ECS 4010 elemental analyser (Costech 

International S. p. A.). Analyses for Tot-P was run at the Department of Ecology and 

Environmental sciences, Umeå University according to Swedish standard (ISO 15681-1, rev 

4) using a FIAstar 5000 (FOSS Inc.). 

 

Seston and zooplankton C:N, C:P and N:P ratios were calculated for all lakes and sampling 

occasions. These values were then used to calculate the elemental imbalance according to 

formula (7) for each lake. 

 

X:YI = X:Yresource – X:Yconsumer                                                                                                                                                                                   (7) 

 

Where X:YI is the elemental imbalance, X:Yresource  is the seston nutrient ratio and X:Yconsumer 

the zooplankton nutrient ratio (Dobberfuhl and Elser 2000).  

 

3.4 Statistics 

 

For statistical analyses, Sigma stat 3.0 package were used to test if the physical, chemical and 

biological parameters were linearly correlated along the altitudinal gradient. The parameters 

were tested on normal distribution, significance (P) and correlation coefficient (R2). All 

statistical results in this study are based on linear regressions and threshold of P=0.05 are 

considered significant.   

 

4 Results 

 

 

4.1 Physical parameters 

 

All results in this part are based on mean values with standard deviation (±SD) from three 

sampling occasions (Jun-Sept), in 2011 (see Table 5). Meta data for all sampling occasions 

and for all parameters are presented in Appendix 1. There was a negative linear relationship 

between water- and air temperatures and altitude, with decreasing temperatures with 

increased altitude (R2=0.84, P<0.001) and (R2=0.66, P=0.002) respectively. Lake water 

temperature ranged between 13.8-7.7 °C and air temperature from 11.2-5.3 °C from the sub to 

high-alpine belt. Lake PAR values increased linearly with increasing altitude (R2=0.42, 

P=0.03), However, Im did not differ with altitude (R2=0.096, P=0.354) and ranged between 

0.25-0.74. 
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Table 5. Physical characteristics of 11 subarctic lakes situated along an altitudinal gradient. The values represents 

summer means (±SD) for 2011.  

  Alt Water temp    Air temp   

Lake (m a.s.l.) (°C) PAR (°C) Im 

SA 1 382 13.8 ± 2.5 196.7 ± 131.2 11.2 ± 1.9 0.50 ± 0.18 

SA 2 390 14.9 ± 3.6 165.7 ± 30.5 11.2 ± 1.9 0.42 ± 0.10 

SA 3 450 12.1 ± 1.7 286.3 ± 178.3 11.4 ± 2.6 0.52 ± 0.11 

SA 4 470 12.6 ± 2.0 183.3 ± 158.4 11.3 ± 2.6 0.51 ± 0.17 

LA 5 710 11,4 ± 1.8 306.7 ± 384.8 8.9 ± 1.4 0.42 ± 0.10 

MA 7 850 11.5 ± 2.1 166.7 ± 126.9 10.3 ± 2.7 0.51 ± 0.27 

MA 8 865 11.9 ± 2.0 144.0 ± 80.6 10.2 ± 2.7 0.25 ± 0.07 

MA 9 998 9.6 ± 3.0  505.0 ± 433.2 9.5 ± 2.7 0.25 ± 0.07 

MA 10 999 9.6 ± 1.3 582.0 ± 475.2 8.9 ± 1.1 0.74 ± 0.21 

HA 11 1045 9.6 ± 0.8 479.7 ± 90.9 5.8 ± 2.6 0.41 ± 0.11 

HA 12 1140 7.7 ± 1.1 362.3 ± 327.8 5.3 ± 2.6 0.23 ± 0.08 

 

4.2 Water chemistry 

 

All results for water chemical parameters are presented in Table 6 and 7. Result data for 

conductivity, DOC, Tot-P, Tot-N, DIN and Seston C represents summer means with standard 

deviation (SD). Meta data for all sampling occasions for all parameters are presented in 

Appendix 2. The conductivity did not differ along the altitudinal gradient (R2=0.142, 

P=0.253). DOC concentrations showed a negative relationship upwards the gradient, with 

decreasing DOC concentrations with increased elevation (R2=0.83, P<0.001). According to 

criteria by Swedish Environmental Protection Agency (1999) the lakes can in general be 

classified as low level lakes (except for SA 1 and SA 2) i.e. oligotrophic, with highest Tot-N 

concentration of 337 µg/l and maximum Tot-P concentrations being 8.2 µg/l. There was a 

clear negative linear relationship between Tot-N concentrations and altitude, with declining 

concentrations with increased elevation (R2=0.71, P<0.001).  However, Tot-P concentrations 

did not differ along the altitudinal gradient (R2=0.0068, P=0.809). The highest 

concentrations of Tot-P are found in the mid-alpine lakes and lowest in the subalpine lakes.  

Table 6. Chemical data for the 11 sub-arctic lakes in northern Sweden: the values for conductivity, DOC, Tot-P and 

Tot-N represents the summer means (± SD) for summer 2011. 

Lake Alt Conductivity DOC Tot-P Tot-N 

 
(m a.s.l.) (mS/cm) (µg/l) (µg/l) (µg/l) 

SA 1 382 28.7 ± 0.2 5.4 ± 0.2 5.6 ± 2.5 318 ± 32 

SA2 390 52.8 ± 0.8 6.9 ± 0.2 3.9 ± 0.3 337 ± 55 

SA 3 450 28.4 ± 5.5 3.8 ± 0.6 2.9 ± 0.4 149 ± 43 

SA 4 470 35.9 ± 7.6 4.6 ± 0.6 2.9 ± 0.7 207 ± 104 

LA 5 710 12.5 ± 0.2 3.2 ± 0.3 4.6 ± 0.2 143 ± 39 

MA 7 850 10.7 ± 0.4 3.6 ± 0.7 8.2 ± 2.2 149 ± 58 

MA 8 865 30.3 ± 0.75 3.1 ± 0.5 7.0 ± 2.2 159 ± 32 

MA 9 998 26.7 ± 0.5 2.3 ± 0.6 4.2 ± 0.1 115 ± 22 

MA 10 999 44.5 ± 0.8 2.1 ± 0.1 3.8 ± 1.9 115 ± 25 

HA 11 1045 11.0 ± 0.4 1.3 ± 0.1 2.2 ± 0.4 92 ± 27 

HA 12 1140 25.8 ± 0.6 1.0 ± 0.0 2.1 ± 1.4 77 ± 21 
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Concentrations of DIN were approximately four times higher in Lake MA 10 and HA 12 

compared to the other altitudinal lakes. Lowest DIN concentration are found in the subalpine 

lake SA 4 and highest in high-alpine lake HA 12. Statistical analyses shows a positive linear 

increase in DIN concentration with increasing elevation (R2=0.35, P=0.05). The proportions 

of DIN:Tot-N (%) and the ratio between DIN:Tot-P increased linearly upwards the gradient 

(R2=0.7, P=0.001) and (R2=0.29, P=0.004), respectively. There was a negative linear 

relationship between seston C concentrations along the gradient, indicating declining seston 

C concentrations with increasing altitude (R2=0.375, P=0.045). In all lakes mean seston C 

concentrations were < 40 µg C/L. 

Table 7. Chemical data for the 11 sub-arctic lakes situated along an altitudinal gradient in northern Sweden. The 

values represents summer means (± SD) for summer 2011. Values for DIN/Tot-P and DIN:Tot-N are calculated 

from mean values of DIN, Tot-P, and Tot-N. 

Lake Alt DIN DIN:Tot-P DIN:Tot-N Seston C 

 
(m a.s.l.) (µg/l) 

 
(%) µg/l 

SA 1 382 9.0 ± 6.0 1.6 ± 0.6 2.6 ± 1.6  307.2 ± 27.2 

SA2 390 5.0 ± 1.5 1.3 ± 0.3 1.6 ± 0.7 390.5 ± 87.6 

SA 3 450 3.7 ± 0.6 1.3 ± 0.3 2.6 ± 0.8 240.7 ± 87.5 

SA 4 470 3.3 ± 0.6 1.1 ± 0.1 1.8 ± 0.7 242.0 ± 72.2 

LA 5 710 6.3 ± 5.8 1.4 ± 1.4 5.3 ± 6.0 348.5 ± 56.8 

MA 7 850 5.3 ± 3.2 0.7 ± 0.6 4.7 ± 3.4  295.3 ± 77.2 

MA 8 865 4.0 ± 1.0 0.6 ± 0.2 2.4 ± 0.1 243.6 ±22.9 

MA 9 998 5.3 ± 3.0 1.3 ± 0.7 5.0 ± 3.1 216.0 ± 149.6 

MA 10 999 32.3 ± 17.9 8.5 ±5.7 31.1 ± 21.9 186.7 ± 23.3 

HA 11 1045 11.7 ± 6.6 5.3 ± 3.5 13.2 ± 6.6 285.6 ± 71.7 

HA 12 1140 34.3 ± 19.6 16.3 ± 2.6 42.7 ± 11.7 109.6 ± 25.5 

 

4.3 Zooplankton biomass  

 

The zooplankton biomass from all sampling occasions is presented in figure 7. The result of 

dominating zooplankton groups (Cladocerans and Copepods) shows that Copepods 

dominates the biomass for all sampling occasions except for lake SA 1 (110613 and 110712), 

MA 10 (110629) and HA 12 (110810 and 110902). There was no linear relationship between 

total zooplankton biomass along the gradient (R2=0.0658, P=0.150). The maximum biomass 

and species composition for the different sampling occasions varied between lakes and no 

clear pattern could be detected. However, the lowest biomass is to be found in the high-alpine 

lakes. By looking at the presence of fish and biomass, the lakes with fish showed higher 

biomass compared to the fishless lakes (i.e. the high-alpine lakes). Zooplankton biomass was 

neither related to food quantity (seston C), or nutrient content i.e. Tot -P or Tot-N (R2=0.08, 

P=0.0774), (R2=0.33, P=0.0676) and (R2=0.08, P=0.389), respectively. 
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Figure 7. Structure and biomass (µg C/l) of the zooplankton communities in 11 lakes along an 

altitudinal/temperature gradient in subarctic Sweden. The figure presents biomass from all sampling occasions 

(n=33) from the ice-free season. Black bars shows Copepods and white bars Cladocerans. The horizontal brace 

above the bars indicates presences of fish. 

 

Table 8 presents relative abundance (% DW) for the zooplankton communities along the 

altitudinal gradient. As shown in Table 8, most of the Copepod group is dominated by 

Calanoida Copepods. The species composition within the Cladocerans (Bosmina, Daphnia 

and Holopedium) showed no obvious pattern regarding the relative abundance along the 

altitude gradient. Lake MA 10 and HA 11 shows total absence of Daphnia for all sampling 

occasions. Lake HA 12 shows total absence of Bosmina and Lake HA 11 and Ha 12 total 

absence of Holopedium. Remarkably, is that Copepod larvae nauplii in many cases presents 

higher relative abundance than the Cladocerans group, and in Lake LA5 (110620), higher 

relative abundance than both Calanoida and Cyclopoida Copepods. 
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Table 8. Relative abundance for zooplankton communities (% DW) in 11 sub-arctic lakes. In many cases, data are 

missing due to loss during analyses or absence of zooplankton species. 

Lake Date Zooplankton proportions (% DW) 

    Bosmina Daphnia Holopedium Calanoida Cyclopoida Nauplii 

SA 1 110613 14.5 * 56.3 27.8 * 1.4 

 

110712 11.5 27.4 15.4 44.6 * 1.1 

 

110813 29.4 6.8 7 41.2 7.7 7.9 

SA 2 110613 0.3 * 0.4 56.5 9.6 33.2 

 

110713 0.8 * * 87.9 1.7 9.6 

 

110813 * 0.1 * 82.2 2 15.7 

SA 3 110614 1.1 * * 93.6 2.8 2.5 

 

110713 2.1 2 3.6 64.5 20.3 7.5 

 

110814 0.7 6.2 24.8 63.2 3.7 1.4 

SA 4 110614 * * * 23.9 65.9 10.2 

 

110713 0.7 2.4 12.7 62.3 9.6 12.3 

 

110814 12 2.8 9.7 50.5 13.8 11.2 

LA 5 110620 3.6 0.5 4.4 14.4 19.3 57.8 

 

110721 0.3 0.9 4.9 72.3 5.3 16.3 

 

110822 19.1 * 3.3 66.8 9.3 1.5 

MA 7 110628 6 * 2.9 43.5 32.3 15.4 

 

110731 6.2 0.2 10.3 50.7 19.7 12.9 

 

110903 13.9 1.4 3 54.4 21 6.3 

MA 8 110628 4.1 1.6 0.9 32.9 29.6 31.2 

 

110731 11.3 * 1 55.1 15.4 17.2 

 

110903 10.3 0.7 11.5 47.7 16.8 13 

MA 9 110628 7.4 * * 7.7 71.7 13.2 

 

110731 10.9 0.3 7.6 47.3 32.3 1.6 

 

110903 5.4 * 4.1 66.3 12.3 11.9 

MA 10 110629 91.6 * 0.8 1.4 3.7 2.5 

 

110727 34.8 * * 53.7 9.4 2.1 

 

110823 39.4 * 1.2 58.2 1.2 * 

HA 11 110711 0.7 * * 0.7 82.4 16.2 

 

110810 * * * 2.6 85.1 12.3 

 

110902 * * * * 70.9 29.1 

HA 12 110711 * 67.2 * * 32.7 0.1 

 

110810 * 28 * 0.8 65.7 5.5 

  110902 * 86.4 * * 9.9 3.6 
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4.4 Zooplankton stoichiometry and nutrient limitation 

 

The stoichiometry (C:N:P ratios) of zooplankton and seston are presented in Table 9 and 

metadata for calculations of  C:N:P ratios in Appendix 3 and 4. Due to suspectable analyze 

failure, C:N:P results for Cladoceran and Copepod groups in lakes SA 1 and SA 2 will not be 

taken in concern in this report. Therefore results and likewise discussions regarding seston-, 

zooplankton- and C:N:P elemental imbalances for these lakes will here in after be excluded. 

 

As mentioned earlier, there was a negative linear relationship between seston C 

concentrations along the gradient, indicating declining seston C concentrations with 

increasing altitude. The seston C concentrations was < 40 mg C/l (except for SA 2 110712 and 

LA 5 110721). The seston C concentrations ranged between 4.5 and 48.9 (mg C/l). The 

highest seston C concentration was found in lake SA 2 (110712), and lowest in lake MA 9 

(110731). Linear regressions for seston C:N:P ratios versus altitude showed no significant 

correlation (Table 10). Seston C:N ranged between 5.2 (MA 9 110731) and 10.2 (HA 12 

110810). Seston C:P ranged between 55.0 (MA 7 110628) and 152.6 (SA 2 110813), and Seston 

N:P ranged between 8.4 (MA 7 110628) and 19.4 (SA 1 110813). 

 

By performing linear regression for the zooplankton stoichiometry elements and C:N:P ratios 

versus altitude, only C:N for Cladocerans showed a linear relationship with altitude (R2=0.49, 

P=0.035) (i.e.  increasing C:N ratios with higher altitude). The C:N ratios for Cladocerans 

ranged between 4.3 (SA 1 110813) and 11.2 (HA 12 110902), and between 3.9 (LA 5 110721) 

and 18.7 (SA 2 110813) for Copepods. The C:N ratio didn’t show any obvious pattern between 

the zooplankton groups along the gradient. The C:P ratios for the Cladocerans group ranged 

between 39.4 (MA 7 110903) and 437.3 (110813) and for the copepod group 53.1 (LA 5 

110822) and 610.5 (MA 8 110731), respectively. The C:P ratio are overall higher in the 

copepod group, which indicates that the Cladocerans group contains higher P concentrations 

in relation to C, compared to the Copepod group. Similar results for N:P ratios shows that the 

Copepod group N:P ratios were generally higher compared to the ones in the Cladocerans 

group which indicates that the Copepod group are more rich in N in relation to P, compared 

to the Cladocerans group. The N:P ratios for the Cladocerans group ranged between 7.2 (MA 

7 110903) and 102.1 (SA1 110813) and 10.7 (SA4 110614) and 61.3 (HA11 110902) for the 

Copepod group, respectively. 
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Table 9. List of 11 sub-arctic lakes sampled during the 2011 field season. Sample date and C:N:P ratios of zooplankton and seston are provided. In many cases data are missing 

due to loss during analysis or inadequate material (*).   

 
Date C:N  

 
C:P  

 
N:P  

 
Seston       

Lake (yymmdd) Cladocerans Copepods   Cladocerans Copepods   Cladocerans Copepods   C (mg/l) C:N C:P N:P 

SA 1 110613 * * 
 

* * 
 

* * 
 

31.3 7.1 95.4 13.5 

 
110712 * * 

 
* * 

 
* * 

 
27.7 6.8 109.5 16.2 

 
110813 4.3 8.4 

 
437.3 374.7 

 
102.1 44.7 

 
33.1 7.4 144.2 19.4 

SA 2 110613 * * 
 

* * 
 

* * 
 

32.4 6.6 126.4 19.2 

 
110712 * 5.5 

 
* 75.4 

 
* 13.8 

 
48.9 9.2 95.6 10.4 

 
110813 * 18.7 

 
* 257.5 

 
* 13.8 

 
35.8 8 152.6 19.1 

SA 3 110614 * 5.5 
 

* 183.4 
 

* 33.3 
 

31.1 8 130.7 16.3 

 
110713 5.4 6.3 

 
84.3 96.2 

 
15.7 15.4 

 
14.3 6.6 72.8 11.1 

 
110814 5.1 * 

 
59.5 * 

 
11.7 * 

 
26.8 7.5 89.2 11.9 

SA 4 110614 * 6.5 
 

* 69.9 
 

* 10.7 
 

29.1 7.6 142.8 18.7 

 
110713 5.3 5.5 

 
102.2 81.9 

 
19.3 15 

 
27.6 7.5 118 15.8 

 
110814 4.9 5.4 

 
59.7 173 

 
12.3 31.9 

 
15.9 8.6 108.7 12.6 

LA 5 110620 4.8 5 
 

98.1 194.9 
 

39.2 20.5 
 

29.6 7 84.3 12 

 
110721 4.6 3.9 

 
74 74 

 
16 19 

 
41.0 7.9 100.4 12.8 

 
110822 5 4.9 

 
93.6 53.1 

 
18.8 10.8 

 
34.1 7.9 115.7 14.6 

MA 7 110628 6.2 8.1 
 

155.5 175.1 
 

25 21.5 
 

21.0 6.5 55 8.4 

 
110731 6.7 7.6 

 
181.8 239.8 

 
27 31.4 

 
36.0 7.8 84.2 10.8 

 
110903 5.5 6.7 

 
39.4 235.3 

 
7.2 35.2 

 
31.6 8.3 90.1 10.8 

MA 8 110628 6 7.9 
 

90.5 143.3 
 

15.2 18.2 
 

21.7 5.9 71.9 12.2 

 
110731 10.4 8.5 

 
190.1 610.5 

 
18.2 72 

 
26.0 7.4 * * 

 
110903 * 5.8 

 
* 206.2 

 
* 35.4 

 
25.5 7.1 79.9 11.2 

MA 9 110628 5.9 6.9 
 

172.8 286.8 
 

29.2 41.8 
 

28.2 6.1 66.7 10.9 

 
110731 * 7.8 

 
* 253.7 

 
* 32.7 

 
4.5 5.2 75.4 14.4 

 
110903 * 12 

 
* 324.1 

 
* 27 

 
32.1 7.4 80.9 11 

MA 10 110629 4.9 * 
 

71.9 * 
 

14.5 * 
 

17.3 5.5 92.6 16.8 

 
110727 5.6 5 

 
122.1 246.4 

 
21.7 49.4 

 
21.4 9.9 * * 

 
110823 5.9 6 

 
133.7 236.3 

 
22.5 39.5 

 
17.3 9.2 99.1 10.8 

HA 11 110711 * 6.8 
 

* 258.7 
 

* 38.3 
 

20.3 6.9 126.1 18.4 

 
110810 * 5 

 
* 92.5 

 
* 18.4 

 
31.8 7.1 96.9 13.6 

 
110902 * 5.6 

 
* 343.1 

 
* 61.3 

 
33.5 7.7 136.2 17.7 

HA 12 110711 7.2 6.5 
 

57.4 112.4 
 

7.9 17.2 
 

10.2 6.1 82.1 13.4 

 
110810 7.4 5.5 

 
55.7 124.9 

 
7.5 22.6 

 
13.8 10.2 137.2 13.5 

  110902 11.2 *   83.5 *   7.5 *   8.9 8.9 * * 
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Seston and zooplankton C:N:P stoichiometry and the elemental imbalance for C:N, C:P and 

N:P all lakes are presented in figures 8-10. 

 

Mean seston C:N ratios ranged between 6.2 (MA 9) and 8.4 (HA 12) and varied little with 

altitude (figure 8). Seston C:N ratios were on most occasion higher than C:N in zooplankton. 

In several of the lakes C:N in Copepods where higher than in Cladocerans. The elemental 

imbalances were hence in a majority of the lakes positive indicating N-limitation in 

zooplankton (except for Copepods in Lakes SA 1, SA 2, MA 10 and Cladocerans in MA 8 and 

HA 12). The positive deviation (seston C:N > zooplankton C:N) indicates excess of C and 

results in respiration of C. The lakes indicating a negative deviation (seston C:N < 

zooplankton C:N) recycling of N occurs (figure 8). 

 

Mean seston C:P ratios ranged between 74.3 (MA 9) and 124.9 (SA 2), with generally lowest 

ratios in the mid-alpine belt where seston C:P ratios were on most occasions lower than C:P 

in zooplankton. In all lakes Copepods displays higher C:P ratios compared to Cladocerans. 

The TER thought to begin to limit Cladocerans and Copepod growth indicates that most of 

the lakes are C limited, thus zooplankton C:P < TER indicates C limitation and zooplankton 

C:P > TER indicates P imitation. The negative deviation (Seston C:P < zooplankton C:P) of 

the elemental imbalances shows that all lakes (except for Cladocerans in Lakes SA 4, LA 5, 

HA 12 and Copepods in lake SA 4) are limited in C and zooplankton will recycle P (figure 9). 

 

Seston mean N:P ratios ranged between 10.0 (MA 7) and 16.6 (HA 11). Seston N:P ratios were 

in all lakes except for HA 12 for Cladocerans lower than N:P in zooplankton. In all lakes, 

except for LA 5 N:P in Copepods were higher than in Cladocerans. TER values thought to 

begin to limit Cladocerans and Copepod growth and the negative deviation (Seston N:P < 

Zooplankton N:P) of the elemental imbalances shows that all lakes except for Cladocerans in 

Lake SA 1 and HA 12 are limited in N. Hence, zooplankton will recycle P (figure 10). 
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Figure 8. C:N ratios of seston and zooplankton communities along an altitudinal gradient. Also shown the calculated elemental imbalance for C:N ratios between seston and 

zooplankton in all lakes along the gradient. Blue bars represents Cladocerans and brown bars Copepods. 
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Figure 9. C:P ratios of seston and zooplankton communities along an altitudinal gradient. Also shown the calculated elemental imbalance for C:P ratios between seston and 

zooplankton in all lakes along the gradient. Blue bars represents Cladocerans and brown bars Copepods. Dashed lines indicate TERC:P thought begin to limit Cladocerans 

growth. Dotted lines indicate TERC:P thought to begin to limit Copepod growth.  
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Figure 10. N:P ratios of seston and zooplankton communities along an altitudinal gradient. Also shown the calculated elemental imbalance for N:P ratios between seston and 

zooplankton in all lakes along the gradient. Blue bars represents Cladocerans and brown bars Copepods. Dashed lines indicate TERN:P thought begin to limit Cladocerans 

growth. Dotted lines indicate TERN:P thought to begin to limit Copepod growth.  
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5 Discussion 
 

 

There were differences in physical- and chemical parameters along the altitude gradient.  

Both water and  air temperatures decreased significantly with higher elevation, in accordance 

with earlier studies from this area (Karlsson et al. 2001; 2005). The PAR values showed a 

considerably scattered pattern but indicated a general trend with increasing PAR in the lakes 

upwards the gradient. Champell and Aarup (1989) suggests that this scattered pattern could 

be explained by differences in seasonal conditions, i.e. solar angle and solar quantity over the 

sampling season. However rapid shifts in weather conditions (personal observations), during 

and between sampling occasions probably also influenced the results.  

 

Furthermore, Im did not differ with altitude over the sampling season, indicating that similar 

proportions of light was available for phytoplankton in the lakes. Although, in situ PAR 

measurements differed between lakes (cf. above), differences in water depth and DOC 

concentrations caused differences in mixing depth and light penetration, and evidently the 

net results of these differences led to fairy little variation in Im between lakes. Hence, 

variation in light intensities along the altitude gradient could not have affected the seston C:N 

and C:P ratios to any large extent, suggesting that differences in seston C:N and C:P 

stoichiometry was potently caused by other driving factors. Similar conclusions regarding 

possible causes behind different seston C:P ratios were drawn by Dobberfuhl and Elser 

(2000), comparing seston stoichiometry in Alaskan, Wisconsin, and Michigan lakes. 
 
The wet and dry deposition of ions that affected the lake water conductivity within the 

studied area are negligible (IVL Swedish Environmental Research Institute ltd. 2003). 

Länsstyrelsen i Norrbotten (the County Administrative Board in Norrbotten)(1996) therefore 

suggests that conductivity largely reflects soil and bedrock conditions in catchments. Since 

the conductivity showed no variation along the altitude gradient it is most likely so that 

bedrock and soil characteristics impacted the conductivity more than atmospheric 

deposition. Further, according to Länsstyrelsen i Norrbotten (the County Administrative 

Board in Norrbotten)(1996), the bedrock within the study can be very complex and small 

patches of less weathering resistant bedrock occurs even within small distances apart in the 

Swedish mountain range. Moreover, to determine the role of soil and bedrock influence on 

the lake water conductivity further investigations must be made. 

 

Previous work by Karlsson et al. (2003) showed that the DOC pool in the studied lakes are 

mainly of allochtonous origin. The decline in DOC concentrations with increasing altitude 

associated well with decrease in vegetation coverage along the gradient (Table 3). This imply 

that climate (i.e. temperature) sets frames for terrestrial carbon production and thus limit the 

DOC input to lakes on higher altitudes (Jansson et al. 2008). Since the atmospheric N-

deposition is fairly stable over the studied area, the significant correlation between DOC and 

Tot-N suggests that vegetation correspondingly plays an important role in differences in N 

loadings to the lakes. Thurman (1985), Hope et al. (1994) and Tranvik and Jansson (2002) 

shows that vegetation fixates NO3- and leaching of organic N- complexes to aquatic systems is 

mainly an effect of higher production in the terrestrial part of the catchment. This affects the 

leakage and causes and increase of DIN in lakes (and an increase in DIN:TN and DIN:Tot-P  

ratios) upwards the altitude gradient. Thus, lack of vegetation will result in reduced NO3- 

fixation, vegetation uptake and a ease in direct N runoff effects from the catchment. Research 
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from the French Alps (Clemet et al. 2012) and the Rocky Mountains (Williams et al. 1996) as 

well endorses the importance of terrestrial production and Tot-N concentrations in lake 

surface water. Phosphorous concentrations, however, showed no clear trend with altitude, as 

shown earlier from this area (Karlsson et al. 2002; 2005, Jansson et al. 2010). As described 

above, the bedrock within the study area can be very complex. Since Tot-P of most 

uncontaminated surface waters can be related to regional geology,  the complexity of the 

bedrock within the study area most likely resulted in different lake water Tot-P 

concentrations and lake N:P stoichiometry. 

Both DOC and nutrient content declined with altitude, whereas Im variation were low. This 

indicated that differences in light climate in the mixed layer was not the cause behind 

variation in net production of phytoplankton C at the base of the food web (Dobberfuhl and 

Elser 2000). Karlsson et al. (2005) have showed that pelagic basal lake productivity 

decreases with increasing altitude. This was also the case in this study as seston C declined 

with increasing altitude. Seston C (food quantity) concentration were on most occasions in all 

lakes < 40mg/L reported to be a threshold value for when growth of zooplankton is 

particularly resource limited (McCauley et al. 1990, Muller-Navarra and Lampert 1996). In 

the high altitude lakes these values were even lower. Hence, since food concentrations were 

low this could potentially have limit zooplankton biomass development especially in the high-

alpine lakes (McCauley et al. 1990, Muller-Navarra and Lampert 1996). Further, Hessen et al. 

(2003) showed that for lakes in general, live phytoplankton- and bacteria C usually comprise 

< 25-40% of seston C. The remaining fraction of the seston will then primarily be detritus. By 

using data on phytoplankton and bacterial biomass from Jansson et al. (2008), these 

proportions were estimated to roughly range between 15 to 50% in my studied lakes; i.e. very 

similar to the range reported by Hessen et al. (2003). The proportion of detritus in seston C 

declined with increasing altitude ranging from 85% of seston C in sub-alpine lakes down to 

values of 20% in the high alpine lakes. However, the decrease of seston C upwards the 

altitude gradient did not explain the variation in zooplankton biomass. Fish predation is also 

known to have a structural effect on zooplankton communities (Carpenter and Kitchell 1984, 

Carpenter et al. 1987). Karlsson et al. (2005) and Karlsson and Byström (2005) suggested 

that fish are predominately feeding on zoobenthos except for  lakes  containing nine-spined 

sticklebacks (Pungitus pungitus) which feeds on zooplankton. Further, lakes with 

planctivorous nine-spined sticklebacks didn’t present lower zooplankton density compared to 

lakes with arctic char (Salvelinus alpinus) in this study. All in all, biomass and composition 

of zooplankton in lakes along the altitudinal gradient could not be explained by a single 

parameter i.e. change in food quantity (seston C), nutrient content (Tot-N, Tot P) or 

presence/absence of fish. Hence, in addition to these possible drivers it’s likely that  

zooplankton biomass and composition were influenced also by food quality i.e. the seston 

C:N:P stoichiometry. 

 

The elemental stoichiometry of seston C:N:P varied little along the altitudinal gradient while 

seston C decreased upwards the gradient. The seasonal variations in this study regarding 

seston C:N:P ratios was in general low (table 9). Hessen (2006) presented a large survey of 

112 Norwegian lakes, representing a dataset of a variety of lake types with a wide range of 

seasonal development, and showed that only a few lakes displayed seasonal trends in seston 

stoichiometry. The results from this study is subsequently in accordance with the study by 

Hessen (2006). Since mean seston C decreased significantly with altitude, mean seston C:N 

and mean seston C:P centered around fundamental variation in nutrient (N, P) producer 

along the gradient. The mean seston N:P generally followed the same pattern as mean seston 
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C:N and mean seston C:P, and did not vary along the gradient. Dubberfuhl and Elser (2000) 

presented a study of 34 Alaskan lakes with seston C:N ranging between 4.1-10 (except for one 

value 72.7), seston C:P: 55.0-400 and seston N:P: 6.4-83.7. Hence, the seston C:N are 

comparable between the Abisko and Alaskan lakes, whereas the seston C:P ratios was in a 

magnitude of 3.5 times higher in the Alaskan lakes compared to the Abisko lakes, indicating 

more seston C in relation to seston P in the Alaskan lakes. Furthermore, the seston N:P ratios 

was in a magnitude of 7.0 times higher in the Alaskan lakes, which indicates that the Alaskan 

lakes seston contains more N in relation to P compared to the Abisko lakes (i.e. the Abisko 

lakes contains more P relative to N and most likely have lower N concentrations compared 

with the Alaskan lakes). 

 

Zooplankton C:N:P (except for Cladocerans C:N), showed no linear relationships with 

altitude, indicating that the zooplankton C:N:P stoichiometry in general did not only depend 

on altitude. Mean zooplankton C:N and C:P ratios (figure 8 and 9) had their highest ratios in 

the mid- and high alpine belts. In spite of the fact that the Copepod group was expected to be 

found in the low C:N range and the Cladoceran group in the relatively high C:N range, it was 

unexpected that the results showed that in ca. 50% of the investigated lakes the Cladocerans 

group had lower C:N compared with the Copepod group. However, the elemental C:P 

displayed the expected ratios with higher C:P ratios in Copepods (Grimsevik 1997, Hasset et 

al. 1997, Sterner and Elser 2002) compared to the Cladocerans group (Andersen and Hessen 

1991, Grimsevik 1997, Sterner and Elser 2002). Dubberfuhl and Elser (2000) argued that 

zooplankton communities appears to center around C allocation, and that variations in 

populations across an latitudinal gradient with increased lipid content in high latitude lakes  

may be an adaptive advantage in energetically buffering zooplankton against reduced food 

supplies due to extreme weather patterns. Increased lipid content would raise C contents 

without affecting N or P contents, possibly enhancing the C:N and C:P of the zooplankton 

(Reinhardt and Van Vleet 1986, Sargent and Falk-Pedersen 1988). This is also one likely 

explanation to high C:P and C:N ratios in zooplankton in my lakes. In addition, the reduced 

vegetation in the mid- and high alpine belt would also lower the carbon input (see DOC 

correlation) and possibly affecting the C:N and C:P ratios in seston (cf. above). Furthermore, 

lakes on higher altitudes have shorter ice-free periods and growing seasons (Kopacek et al. 

2000, Burns 2004, Karlsson et al. 2005), and thus the buffering of C against limiting food 

supplies and short growing seasons will likely affect the C:N and C:P ratios in zooplankton 

especially at higher altitudes. All in all, it’s difficult to distinguish one single factor affecting 

the zooplankton C:N and C:P ratios.  

 

The mean zooplankton N:P ratios generally followed the same patters as for zooplankton C:N 

and C:P ratios and with highest ratios N:P ratios in the mid- and high alpine lakes. The 

Cladocerans group showed (except for LA 5) lower N:P ratios, in accordance with earlier 

studies (Sterner and Elser 2002). In the study of Dobberfuhl and Elser (2000), zooplankton 

N:P ratios in the Alaskan lakes ranged between 3-34.5. In this study, zooplankton N:P ratios 

for Copepods ranged between 16.7-44.5 and for Cladocerans between 7.6-33.8, respectively. 

This indicates that the zooplankton groups in the Abisko lakes had higher N concentrations 

in relation to P, and likely less in P, compared to the Alaskan lakes. However, Dobberfuhl and 

Elser (2002) presented their values as bulk zooplankton samples (i.e. both Copepods and 

Cladocerans), for C:N, C:P and N:P ratios. Therefore, the relative difference between this and 

their study could have been caused by the lumping of zooplankton to one group only. As 

mentioned earlier, the low seston C (<40 mgC/L) likely induce food (C) limitation in 
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zooplankton. A more interesting result was the negative deviation in C:P and N:P imbalances 

between seston and zooplankton stoichiometry emphasizing that most of the zooplankton in 

the lakes was not P limited, but N-limited. Thus, the general negative deviation in 

zooplankton C:P indicated excess of P in relation to C supply, and that zooplankton will 

recycle P. Only in three lakes with high P-content (Lake SA 4, LA 5 and HA 12), Cladocerans 

respired C. This was also obvious when studying the zooplankton N:P imbalances. In all 

lakes, except one (HA 12) zooplankton were N-limited, and most likely recycled P. These 

findings are interesting, since ecosystems have long been regarded as P-limited (Schindler 

1977). Dobberfuhl and Elser (2002) showed in their study of the 34 Alaskan lakes that 

zooplankton production was more likely to be P-limited. Furthermore, the recycling of 

nutrients from zooplankton will be a driving force of the internal lake nutrient recycling, 

(Williams and Melack 1991). To conclude, the elemental C:N:P imbalances between food and 

consumers and the food concentrations suggests that the zooplankton communities (both 

Copepods and Cladocerans) in the studied lakes were mostly N-limited, but also limited by 

food quantity. 

 

Since zooplankton in majority of the studied lakes were N-limited, and likely recycled P, this  

will in turn affect the seston N:P stoichiometry. Recycled P from zooplankton will increase P 

availability for the pelagic basal producers (i.e. phytoplankton and bacteria). Thus, the 

increased P availability will potentially lead to lower seston N:P ratios, and sustaining N-

limitation in phytoplankton (Bergström et al. 2008). The lowering of the seston N:P ratios 

will also most likely promote and benefit production of high P species consumers (i.e. 

Cladocerans). In comparison, Dobberfuhl and Elser (2000), results indicated that the studied 

Alaskan lakes zooplankton communities was likely to be P-limited, and recycled N, thereby 

enhancing P limitation in phytoplankton and contributing to higher N:P ratios in seston, 

which in turn would benefit low P species consumers (i.e. Copepods). The differences 

between my study compared with the study by Dobberfuhl and Elser (2000) (i.e. N- versus P-

limitation) might be explained by differences in N deposition over the studied areas 

(Bergström and Jansson 2006). Since little in situ research of zooplankton elemental C:N:P 

stoichiometry and nutrient limitation in zooplankton has been conducted in lake ecosystems 

situated  in northern boreal and subarctic regions with low N deposition few comparable 

studies have been assessable. Hopefully this report will change the perspective on 

zooplankton  stoichiometry, nutrient limitation and enable future research and development 

in this field. 

 

6 Conclusions 
 

 

The lakes along the studied altitudinal gradient differed in both physical/chemical lake water 

parameters, as well as in zooplankton communities, and elemental C:N:P stoichiometry. The 

most important and interesting finding in this report regards the N-limitation in 

zooplankton, whose production for long been regarded as being primarily P limited. I 

conclude that many of the physical/chemical and stoichiometric parameters can be related to 

differences in air temperature i.e. vegetation cover along the gradient and the differences in 

the lake ice-free periods between the different altitudes. The air temperature is expected to 

gradually increase of about 3°C in subartic Sweden during the next 100 years. This will 

prolong the length of the ice-free periods and growing season, but more important, change 

the supply of DOC and inorganic nutrients, which follows differences in terrestrial vegetation 
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along the gradient. Climate change is also predicted to increase N deposition over the 

northern Swedish mountain areas. Consequently, climate change will affect lake ecosystem 

production and functioning in northern subarctic Sweden  
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Appendix 
 

 

I Metadata for physical parameters in 11 subarctic lakes 

 
Physical data of 11 sub-arctic lakes situated along an altitudinal gradient in sub-arctic Sweden. Notes: The values 

represent the summer means (±  SD) for 2011. Values for PAR in lake MA 8 (110628) and lake MA 10 (110629) are 

missing due to PAR-meter failure. Air temp (°C) is estimated lapse rate of 0.57°C per 100-meter elevation. based 

on temperature data from Abisko Scientific research station (385 m a.s.l.). 

  Alt              Water temp Air Temp Im 

Lake (m a.s.l.) Date  (°C) PAR (°C)        

SA 1 382 110613  11.5 ± 1.5 115 ± 103 10.5 0.61 

  

110712  16.4 ± 1.0 127 ± 98 9.7 0.60 

  

110814  13.4 ± 0.5 348 ± 366 13.3 0.30 

SA 2 390 110613  13.5 ± 0.0 196 ± 132 10.5 0.49 

  

110712  18.9 ± 0.1 166 ± 114 9.7 0.46 

  

110814  12.2 ± 0.1 135 ± 66 13.3 0.30 

SA 3 450 110614  9.1 ± 2.5 410 ± 477 12.8 0.60 

  

110713  10.1 ± 5.3 82 ± 126 8.4 0.56 

  

110814  12.3 ± 1.8 367 ± 428 12.9 0.39 

SA 4 470 110614  7.2 ± 2.7 365 ± 468 12.7 0.54 

  

110713  11.1 ± 4.0 74 ± 99 8.3 0.61 

  

110814  10.0 ± 3.6 111 ± 158 12.8 0.37 

LA 5  710 110620  10.3 ± 2.9 41 ± 42 7.3 0.52 

  

110721  13.5 ± 0.6 748 ± 690 9.2 0.33 

  

110822  10.4 ± 0.0 131 ± 119 10.1 0.40 

MA 7 850 110628  10.3 ± 1.3 133 ± 136 11.0 0.67 

  

110731  13.9 ± 0.8 60 ± 55 12.5 0.61 

  

110903  10.4 ± 0.0 307 ± 274 7.3 0.25 

MA 8 865 110628  9.6 ± 0.2 - 11.0 0.19 

  

110731  13.0 ± 0.4 87 ± 85 12.5 0.33 

  

110903  9.1 ± 0.0 201 ± 235 7.2 0.23 

MA 9 998 110628  6.7 ± 0.1 1004 ± 563 10.2 0.24 

  

110731  12.7  ± 0.0 225 ± 80 11.7 0.32 

  

110903  9.5 ± 0.0 286 ± 370 6.5 0.18 

MA 10 999 110629  11.0 ± 0.5   -  10.2 - 

  

110727  9.2 ± 1.9 918 ± 502 8.4 0.89 

  

110823  8.5 ± 0.1 246 ± 92 8.1 0.59 

HA 11  1045 110711  9.1 ± 1.3 508 ± 576 8.8 0.53 

  

110810  10.5 ± 0.0 378 ± 121 4.6 0.32 

  

110902  9.2 ± 0.0 553 ± 316 4.0 0.37 

HA 12 1140 110711  6.4 ± 0.7 736 ± 680 8.3 0.15 

  

110810  8.5 ± 1.0 228 ± 188 4.1 0.30 

  

110902  8.2 ± 0.2 123 ± 88 3.5 0.25 
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II Metadata for chemical parameters in 11 subarctic lakes 

Chemical characteristics of 11 sub-arctic lakes situated along an altitudinal gradient in sub-arctic Sweden. The 

values for conductivity represents values from different depths (0.01m, 0,5m, 1m,1,5m and then at every meter of 

the water column towards the bottom) (± SD) for 2011. 

  Alt Date Conductivity DOC  Tot-P Tot-N   Seston 

Lake (m a.s.l.) (yymmdd)  (µS/cm) (mg/l)  (µg/l)  (ug/l) DIN C (µg/l) 

SA1 382 110613 28.0 ± 0.0 5.4 8.4 354 15 313.4 

SA1 382 110712 29.0 ± 0.4 5.5 4.8 295 8 277.4 

SA1 382 110813 29.0 ± 0.3 5.2 3.7 305 3 330.8 

SA2 390 110613 50.0 ± 0.0 7.0 4.1 283 7 323.5 

SA2 390 110712 54.4 ± 1.1 6.7 3.5 335 4 489.6 

SA2 390 110813 53.9 ± 0.4 7.1 4.1 393 5 358.2 

SA3 450 110614 15.6 ± 1.9 3.3 3.3 198 4 311.3 

SA3 450 110713 47.0 ± 13.8 3.7 2.5 116 4 142.8 

SA3 450 110814 22.5 ± 0.9 4.5 2.9 133 3 268.0 

SA4 470 110614 42.1 ± 10.1 5.1 2.6 325 3 291.3 

SA4 470 110713 20.1 ± 1.1 4.8 3.7 167 4 275.7 

SA4 470 110814 45.5 ± 11.5 4.0 2.5 128 3 159.2 

LA5 710 110620 12.4 ± 0.7 2.9 4.7 183 3 296.0 

LA5 710 110721 12.0 ± 0.0 3.2 4.7 140 3 408.8 

LA5 710 110822 13.0 ± 0.0 3.4 4.3 106 13 340.6 

MA7 850 110628 8.0 ± 0.0 4.4 10.1 215 4 209.9 

MA7 850 110731 12.1 ± 1.2 3.0 8.8 126 3 360.2 

MA7 850 110903 12.0 ± 0.0 3.3 5.9 106 9 315.6 

MA8 865 110628 26.1 ± 0.3 3.6 6.8 195 5 217.2 

MA8 865 110731 31.7 ± 1.2 2.8 9.3 147 4 258.7 

MA8 865 110903 33.0 ± 0.0 2.8 4.9 135 3 254.7 

MA9 998 110628 25.4 ± 0.5 3.0 4.3 106 2 282.1 

MA9 998 110731 26.7 ± 0.5 1.9 4.3 100 8 44.7 

MA9 998 110903 28.0 ± 0.0 1.9 4.1 140 6 321.3 

MA10 999 110629 22.5 ± 1.3 2.2 4.1 142 17 173.0 

MA10 999 110727 41.1 ± 1.1 2.1 5.5 95 52 213.6 

MA10 999 110823 70.0 ± 0.0 2.0 1.8 102 28 173.5 

HA11 1045 110711 10.1 ± 0.4 1.3 2.1 104 19 203.4 

HA11 1045 110810 11.0 ± 0.0 1.5 2.7 111 6 318.2 

HA11 1045 110902 11.8 ± 0.4 1.2 1.9 62 10 335.3 

HA12 1140 110711 23.1 ± 0.3 1.1 3.7 101 57 101.9 

HA12 1140 110810 25.0 ± 1.0 1.0 1.4 66 22 138.1 

HA12 1140 110902 29.4 ± 0.5 1.0 1.2 63 24 88.9 
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III Elemental metadata for the studied zooplankton groups 

 
Chemical data for the studied zooplankton groups along an altitudinal gradient in sub-arctic Sweden in 2011. 

Lake Date Zooplankton µg P/DW µg N/DW µg C/DW 

SA 1 110813 Copepods 0.002 0.069 0.581 

 
110813 Bosmina 0.002 0.253 1.084 

SA 2 110712 Copepods 0.007 0.094 0.514 

 
110813 Copepods 0.002 0.034 0.638 

SA 3 110614 Copepods 0.003 0.093 0.512 

 
110713 Copepods 0.005 0.081 0.507 

 
110713 Cladocerans 0.006 0.093 0.496 

 
110814 Cladocerans 0.009 0.101 0.517 

SA 4 110614 Copepods 0.008 0.090 0.585 

 
110713 Copepods 0.005 0.079 0.432 

 
110713 Holopedium 0.005 0.096 0.507 

 
110814 Copepods 0.003 0.089 0.483 

 
110814 Cladocerans 0.008 0.095 0.463 

LA 5 110620 Copepods 0.002 0.097 0.483 

 
110620 Cladocerans 0.005 0.095 0.456 

 
110721 Copepods 0.006 0.112 0.436 

 
110721 Bosmina 0.006 0.094 0.436 

 
110822 Copepods 0.009 0.101 0.494 

 
110822 Bosmina 0.005 0.093 0.464 

MA 7 110628 Copepods 0.003 0.067 0.543 

 
110628 Cladocerans 0.003 0.085 0.530 

 
110731 Copepods 0.002 0.078 0.595 

 
110731 Bosmina 0.003 0.084 0.564 

 
110903 Copepods 0.002 0.076 0.511 

 
110903 Cladocerans 0.012 0.085 0.464 

MA 8 110628 Copepods 0.004 0.073 0.577 

 
110628 Bosmina 0.006 0.089 0.533 

 
110731 Copepods 0.001 0.067 0.568 

 
110903 Copepods 0.003 0.056 0.589 

 
110903 Cladocerans 0.002 0.088 0.511 

MA 9 110628 Copepods 0.002 0.078 0.533 

 
110628 Bosmina 0.003 0.091 0.536 

 
110731 Copepods 0.002 0.071 0.550 

 
110903 Copepods 0.002 0.050 0.603 

MA 10 110629 Bosmina 0.006 0.090 0.446 

 
110727 Copepods 0.002 0.107 0.535 

 
110727 Bosmina 0.004 0.087 0.492 

 
110823 Copepods 0.002 0.086 0.513 

 
110923 Bosmina 0.004 0.091 0.539 

HA 11 110711 Copepods 0.002 0.083 0.561 

 
110810 Copepods 0.006 0.103 0.516 

 
110902 Copepods 0.002 0.095 0.532 

HA 12 110711 Daphnia 0.009 0.069 0.498 

 
110711 Copepods 0.005 0.091 0.593 

 
110810 Daphnia 0.008 0.063 0.466 

 
110810 Copepods 0.004 0.091 0.503 

  110902 Daphnia 0.006 0.046 0.518 
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IV Elemental metadata for seston 

 
Chemical data for seston along an altitudinal gradient in sub-arctic Sweden in 2011. Notes: Tot-P values for lakes 

MA 8 (110731), MA 10 (110727) and HA 12 (110902) are missing due to analyze failure. 

Lake Date 
Tot-N 

(seston) C (seston) Tot-P (Seston) 

    µg/l µg/l 

SA 1 110613 44.4 313.4 3.3 

 
110712 41.0 277.4 2.5 

 
110813 44.6 330.8 2.3 

SA 2 110613 49.1 323.5 2.6 

 
110712 53.2 489.6 5.1 

 
110813 44.8 358.2 2.3 

SA 3 110614 38.8 311.3 2.4 

 
110713 21.7 142.8 2.0 

 
110814 35.7 268.0 3.0 

SA 4 110614 38.2 291.3 2.0 

 
110713 36.9 275.7 2.3 

 
110814 18.5 159.2 1.5 

LA 5 110620 42.0 296.0 3.5 

 
110721 52.0 408.8 4.1 

 
110822 43.0 340.6 2.9 

MA 7 110628 32.2 209.9 3.8 

 
110731 46.2 360.2 4.3 

 
110903 37.9 315.6 3.5 

MA 8 110628 36.8 217.2 3.0 

 
110731 35.2 258.7 * 

 
110903 35.7 254.7 3.2 

MA 9 110628 46.2 282.1 4.2 

 
110731 8.6 44.7 0.6 

 
110903 43.6 321.3 4.0 

MA 10 110629 31.3 173.0 1.9 

 
110727 21.5 213.6 * 

 
110823 18.9 173.5 1.8 

HA 11 110711 29.6 203.4 1.6 

 
110810 44.8 318.2 3.3 

 
110902 43.6 335.3 2.5 

HA 12 110711 16.6 101.9 1.2 

 
110810 13.6 138.1 1.0 

  110902 10.0 88.9 * 
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