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Abstract 
 

In temperate climate with pronounced seasonality, ice and snow cover reduces light 

conditions during winter which in turn reduce search efficiency for visual feeding consumers 

like fish. Furthermore, a suggested major effect of future climate change is an increased input 

of allochtonous DOC to aquatic systems which causes an increased brownification and hence 

reduced overall light conditions. In this study, I sampled YOY three-spined sticklebacks 

(Gasterosteus aculeatus) of different sizes overwintering in clear and brown water model 

ecosystems to examine if consumption were dependent on light conditions (natural light 

variability over winter) and if consumption were reduced in brown water. Three-spined 

sticklebacks were able to feed at different winter conditions and the prey biomass in 

stomachs was higher in clear- than in brown water despite higher resource levels in brown 

water treatments. Moreover when light intensity increased in late winter compared to 

midwinter conditions prey biomass in stomachs increased in both clear and brown water 

systems. Dominated prey taxa in the diet were chironomids and copepods. Results from this 

study suggest that when fish species are able to feed at low temperature and resource 

availability are sufficient light conditions during winter can be an important factor affecting 

overwinter survival in YOY fish because visual prey encounters and hence consumption rates 

are affected by light conditions. Future climate change scenarios with predicted increased 

brownification may therefore affect over winter survival in fish because of the negative effect 

of low light intensity (brownification) on prey consumption in fish in turn potentially 

changing recruitment success and densities of fish. 
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1 Introduction 
 

In temperate climate with pronounced seasonality, winter conditions are believed to have 

strong influence on performance of organism as reduced resource production and availability 

as well as low light conditions may severely constrain energy intake (Dobson and Frid 2009, 

Shuter et al. 2012, Leppäranta et al. 2012). For aquatic organisms, ice and snow cover 

reduces light conditions which in turn reduce search efficiency for visual feeding consumers 

like fish (Guthrie & Muntz 1993, Shuter et al. 2012). Although laboratory studies suggest that 

many fish species are able to feed at low temperatures (4 C°) (Koskela et al. 1997a, Koskela et 

al. 1997b, Biro et al. 2004, Byström et al. 2006) field studies in general suggest that fish in 

many cases starve over winter and that winter starvation potentially may be a very important 

source of mortality in small fish due to low energy reserves (Oliver et al. 1979, Post & Evans 

1989, Kirjasniemi & Valtonen 1997, Byström et al. 1998, Biro et al. 2004). Based on above, it 

can be hypothesized that light conditions during winter is an important factor affecting 

consumption rates and hence overwinter survival in fish. 

A suggested major effect of future climate change is an increased input of allochtonous 

dissolved organic carbon (DOC) to aquatic systems due to increased precipitation and 

changes in catchment area (Rosén 2005, Rosén et al. 2009, Kokfelt et al. 2009, Larsen et al. 

2011). This causes an increased brownification of recipient water and hence reduced light 

condition (Ask el al. 2009, Karlsson et al. 2009), which potentially affecting search efficiency 

and hence consumption rates of visual feeding consumers (Horppila et al. 2011, Estlander et 

al. 2012). During winter, brownification may therefore reduce search efficiency even further 

in turn negatively affecting consumption rates and hence cause increased starvation 

mortality in fish over winter.  

Low light intensities and turbid water have been showed to reduce reaction distance to prey, 

consumption rate and weight gain in some fish species (Bergman 1988, Vogel & Beauchamp 

1999, Mazur & Beauchamp 2003, Ljunggren & Sandstrom 2007, Engstron-Ost & Mattila 

2008). On the other hand the effect of turbidity is somehow a bit inconclusive with studies 

also showing even positive effect on weight gain (Sirois & Dodson 2000). Brownification 

effects on fish are scarcely studied, especially in winter conditions. However, a few recent 

experimental studies have suggests a negative effect on consumption rates in brown water 

(Horppila et al. 2011, Estlander et al. 2012). Moreover, Ulvan et al. (2012) showed in a field 

study that indirect effects of climate like ice-cover period and allochtonous DOC run off were 

the major factors shaping the biotic interactions between two top predators, suggesting the 

importance of light intensity as an indirect effect affects the outcome of biotic interactions.  

This study investigates resource use and consumption of three-spined sticklebacks 

(Gasterosteus aculeatus) under different environmental winter conditions. Sticklebacks are 

widely distributed in both fresh and marine water in the northern hemisphere (Wootton 

1984) and can be highly abundant in some areas with pronounced seasonality and ice cover 

during winter (Jurvelius et al. 1996). Even though sticklebacks are of small commercial 

interest, the role in the ecological community is of importance as a planktivore (Hangelin & 

Vuorinen 1988, Williams & Delbeek 1989, Jurvelius et al. 1996) and as a resource for 

piscivores (Hansson et al. 2001, Salminen et al. 2001). Threes-spined stickleback breeding 

season in temperate regions is between May and beginning of August. Females can spawn 

several times and producing multiple cohorts during one breeding season (Wootton 1984, 

Poizat et al. 1999), which means that the young-of-the year (YOY) fish can be of different 
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sizes when winter conditions appear. Larger individuals needs higher resource availability to 

avoid starvation as metabolic demands increases with body size but on the other hand they 

can withstand starvation for longer time periods than smaller individuals when consumption 

rates are to low (Byström et al.2006). Starvation mortality is therefore higher in smaller 

individuals when not able to feed due to lower energy reserves in relation to metabolic 

demands than larger individuals (Oliver et al. 1979, Byström et al. 1998, Biro et al. 2004). 

Hence, it appears not to be an optimal strategy for sticklebacks to produce multiple cohorts if 

they are not able to feed under low light conditions and low water temperatures during 

winter.  

In a large scale experimental pond system where YOY three-spined sticklebacks of different 

sizes overwintered in clear and brown water model ecosystems I tested the following 

hypothesis:  

1. Three-spined stickleback is able to feed under natural winter conditions (low light and low 

temperatures)  

2. Consumption is first of all dependent on light conditions (natural light variability over 

winter)  

3. Consumption is further reduced in brown water  

 

 

2 Methods 
 

2.1 Overview pond experiment  

The experiment was carried out during winter 2013 in Umeå, northern Sweden (63º48'34"N, 

20º14'34"E). A large scale experimental pond (80m x 20m) was used, divided with sheets 

into 16 smaller enclosures (10m x 8m, depth 1,6m) to simulate model ecosystems. Eight of 

them were treated with additional DOC water during the growth season to simulate future 

brownification due to climate change and eight of them received clear water from now on 

referred to as brown- and clear treatment. Brown water was retrieved from a closely situated 

brown water stream weekly during summer. Furthermore, four enclosures of each treatment 

were subjected to warming during summer. Into each enclosure, 40 mature three-spined 

sticklebacks were introduced in May 22, 2012. The sticklebacks reproduced continously and 

produced multiple cohorts which caused a very broad size distribution of YOY (young-of-the-

year) sticklebacks at the end of the growth season in October 2012. The size range was 

between 8-47 mm and densities of YOY sticklebacks varied between 800 -2820 individuals in 

October with the highest densities in cold enclosures (Hedström et al. in prep). 

Two brown treatment enclosures were excluded from this study because of decreasing DOC 

levels over winter (from January and onwards) and the fact that these two enclosures did not 

differ from clear treatments at the end of the ice period, giving eight clear treatments and six 

brown treatments in this study and analysis. 

2.2 Environmental conditions 

Water temperature (C°) and light intensity (PAR [umol/m2, sec]) data was measured every 

15th minute with loggers (Delta-T Devices, UK), temperature sensors (TH2-F, UMS Germany) 

and light sensors (SQ-110, Apogee USA). I used values from one measurement in the middle 



3 
 

of day between 12 am and 1 pm, two days a week (21 Jan-4 Apr). No data were available 

between 4th February and 11th Mars because loggers were out of function. Seasonal variation 

in winter daylight length, was defined as time between sunrise and sunset. DOC level (mg/l) 

and ice cover (cm) were measured at six occasions over time of the study (28 Jan-16 Apr). 

2.3 Fish 

Ten fishes (if possible) were sampled from each pond from the ice with a landing net at three 

different times over winter: Week 5 (28 Jan-1 Feb), 9 (25 Feb-1 Mars) and 14 (1 Apr-5 Apr). 

2013. Because of difficulties to obtain 10 individuals in week 14, a minimum of five fishes was 

caught except for in one pond where only two fishes were captured at that sampling occasion. 

Captured fish was frozen for later analysis. In laboratory, length was measured to nearest 0.5 

mm and weight to nearest 0.001 g. Stomach content was analysed and classified to family, 

counted and length measured to obtain dry biomass (mg) of consumed prey with length-

weight regressions (Dumont et al. 1975, Botrell et al. 1976 for zooplankton, and Persson & 

Greenberg 1990 for macro invertebrates). To standardize prey consumption for differently 

sized fish, the prey dry biomass was divided with the fish wet weight to get prey dry biomass 

(g)/fish wet weight (g). 

Sampling methods, collection of experimental fish and method of sacrifices in this study 

comply with the current laws of Sweden and were approved by the local ethics committee of 

the Swedish National Board for Laboratory Animals in Umeå (CFN, license no. A-19-06 to 

the supervisor, Pär Byström). 

2.4 Resources 

All resources were sampled week 5, 9 and 14 2013. Macro invertebrates were sampled with a 

net (width of opening 30 cm). In each enclosure, the net was drawn at the bottom substrate 

for a distance of 30 cm. Each sample was then preserved in ethanol for later analysis. In 

laboratory, the macro invertebrates was classified to family or genus, counted and length 

measured and then transformed to dry biomass (mg) with length-weight regressions 

(Persson & Greenberg 1990). Because none of the taxonomic groups: molluscs , trichoptera, 

coleoptera, Asellus, hydrachnidae, corixidae, hirudinea, tipulidae and worms was found in 

the stomach contents only chironomids, copepods and ephemeroptera was used in the 

analysis of resource densities in the enclosures . Zooplankton was sampled with a 

zooplankton net (diameter 20 cm, 100 µm mesh net) drawn 1.4 meter vertically in each 

enclosure. The samples were preserved with lugol solution for later analysis. In laboratory, 

zooplanktons was classified to family, counted and length measured to obtain dry biomass 

(µg) with length-weight regressions (Dumont et al. 1975, Botrell et al. 1976). 

2.5 Statistical analyses 

For all statistical analysis SPSS was used. To avoid pseudoreplicates a mean value was 

calculated for all diet variables for each enclosure and time and used as a replicate. All 

response variables were analysed with repeated-measure ANOVA. Factors used in the 

ANOVAs were clear- and brown water and to control for past treatment effects on response 

variables of temperature increase during the growth season warm and cold water.  

To meet the distribution and homogeneity assumptions, data were log-transformed when 

necessary and proportion data were arcsin square rote transformed.  
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3 Results 
 

3.1 Environmental conditions 

Water temperature was around 2.5 C° and was stable during the last weeks in January and 

decreased towards March, and again rather stable at temperatures below 2 C°. There was no 

significant difference between clear and brown treatments and the past summer temperature 

treatment had no influence on winter temperatures (Fig 1A & table 1). Light intensity was low 

in January and increased over time and the clear treatment showed significant higher light 

intensity values than the brown treatment (Fig. 1B & table 1).  

DOC levels decreased over time and the brown treatment had approximately 2 times higher 

DOC levels than the clear treatment (Fig. 2A & table 1) There was also a summer temperature 

effect over winter with approximately 1.3 times higher DOC levels in the cold treatment than 

in the warm treatment (table 1, not shown in figure). Ice cover varied over time (although the 

range was not large) and was thickest in the end of February but neither clear or brown 

treatment or summer temperature showed any effect on ice cover (Fig. 2B & table 1).  

 

 
Figure 1. A) Temperature (mean ± S.E) over time and B) PAR [umol/m2,sec] (mean ± S.E) and hours of daylight 

over time in brown- and clear water treatments. 
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Figure 2. A) DOC levels (mg/l) and B) ice-cover(cm) (mean ±S.E) over time in brown- and clear water treatments. 

 

Table 1. Repeated-measure ANOVA’s (F-values) of the effect of treatments, summer temperature and time on the 
environmental conditions. Numbers in bold indicates significant test at the level of P > 0.05. Significance level: * 
= 0.01 < P < 0.05; ** = 0.001 < P <0.01; *** = P < 0.001. 

 
Source of variation df Temperature Light intensity df DOC Ice cover 

Environmental cond. 
      treat 1,10 3.414 44.19*** 1.10 160.01*** 0.212 

temp 1,10 0.437 2.75 1.10 11.31** 1.048 

treat x temp 1,10 2.246 0.723 1.10 2.386 0.301 

time 10,100 52.52*** 94.28*** 5.50 40.93*** 7.77*** 

time x treat 10,100 1.7 9.16*** 5.50 6.014*** 1.493 

time x temp 10,100 0.637 0.85 5.50 1.87 0.484 

time x treat x temp 10,100 0.92 0.264 5.50 1.255 0.464 
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2.2 Diet 

Three-spined sticklebacks were able to feed under the different winter conditions and overall 

prey biomass in stomachs were stable in January and February and increased to the 

beginning of April in both treatments . Furthermore, prey biomass differed between 

treatments and was higher in clear treatments. Summer temperature had no effect on the 

prey biomass over winter (Fig. 3 & table 2). Overall diets of sticklebacks were dominated (50-

92 %) by chironomids and copepods and there was no time or treatment effect of proportion 

of chironomids and copepods in diet (Fig. 4. table 2). Ephemeroptera larvae were only found 

in diets in week 9 and 14 in the clear treatment (Fig. 4).  

 

  

Figure 3. Total Prey dry biomass/wet weight fish (g) -1 (mean ± S.E) over time in brown and clear water 

treatments. 

 

Figure 4. Proportion of prey categories in the diet of three-spined sticklebacks over time in clear- and brown 

treatment 
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Table 2. Repeated-measure ANOVA’s (F-values) of the effect of treatments, summer temperature and time on the 
total prey biomass and proportion of Chironomids and copepods. Numbers in bold indicates significant test at the 
level of P > 0.05. Significance level: * = 0.01 < P < 0.05; ** = 0.001 < P <0.01; *** = P < 0.001. 

 
Source of variation df F 

 Prey biomass 
   treat 1,10 5.025* 

 temp 1,10 1.313 
 treat x temp 1,10 3.738 
 time 2,20 4.6* 
 time x treat 2,20 0.17 
 time x temp 2,20 1.388 
 time x treat x temp 2,20 0.463 
 

    Proportion diet 
 

Chironomids Copepods 

treat 1,10 1.235 0.086 

temp 1,10 3.864 1.778 

treat x temp 1,10 0.368 0.012 

time 2,20 1.16 0.161 

time x treat 2,20 0.413 0.312 

time x temp 2,20 0.358 0.075 

time x treat x temp 2,20 1.538 1.705 

        
 

 

2.3 Resources 

Total biomass of macroinvertebrates did not change over time and there were no treatment 

or summer temperature effect on total biomass (Fig. 5A & table 3). Chironomids densities 

alone differed between treatments with higher biomass in the brown treatment (Fig. 5B & 

table 3). Zooplankton biomass was generally low, decreased over time and was higher in the 

brown treatment (Fig 5C & table 3). Rotifers were the dominating zooplankton taxa by weight 

in both clear and brown treatments followed by adult copepods which constituted of at most 

34 % in brown- and 12 % in clear treatment of total biomass.  
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Figure 5. A) Total macroinvertebrates. B) chironomids and C) zooplankton densities (mean ±S.E) over time in 
brown- and clear treatments. 
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Table 1. Repeated-measure ANOVA’s (F-values) of the effect of treatments. summer temperature and time on the 
resources. Numbers in bold indicates significant test at the level of P > 0.05. Significance level: * = 0.01 < P < 
0.05; ** = 0.001 < P <0.01; *** = P < 0.001. 

 
Source of variation df Tot. macroinv. Chironomids Zooplankton 

Resources 
    treat 1,10 1.464 9.95* 5.717* 

temp 1,10 0.002 0.718 1.54 

treat x temp 1,10 4.582 2.87 0.04 

time 2,20 0.421 0.737 9.316** 

time x treat 2,20 2.358 2.01 0.61 

time x temp 2,20 0.038 0.042 1.33 

time x treat x temp 2,20 0.294 0.098 0.69 

          
 

 

4 Discussion 
 

Overall, the results from this study show that juvenile three-spined sticklebacks were able to 

feed at very low temperatures (close to 1.5 C°) during harsh winter conditions. Sticklebacks 

have been suggested to have a minimum temperature growth range near 3.5 degrees 

(Lefébure et al. 2011) and this adds on that they are at least able to feed in temperatures 

below that. Moreover prey biomass in the stomachs was higher in the clear treatment than in 

the brown treatment and prey biomass in stomachs was higher in late winter when hours of 

daylight and water light intensity increased. Lower zooplankton densities in late winter in 

clear treatment together with lower densities of chironomids in the clear treatment further 

suggests that observed differences in consumption was not a result of higher resource 

availability. Furthermore, temperature that constrain foraging capacity in ectoterms like fish 

(Koskela et al. 1997a, Koskela et al. 1997b, Bystrom et al. 2006), did not differ between 

treatments. All this strongly support the hypothesis that light condition during winter is an 

important factor affecting consumption rates in visual feeders like fish.  

 

Zooplankton densities decrease in general to very low levels in winter (Dobson and Frid 

2009, Shuter et al. 2012), whereas macro invertebrates is relatively high in many northern 

lentic systems (Welch 1976, Brittain 1978), which also were the case in this study. The 

sticklebacks diet were dominated by chironomids followed copepods and thus stickleback’s 

appear to utilize both zooplankton and macro invertebrates during winter. Consequently, 

resource availability probably is sufficient for a longer time period and gives an increased 

likelihood of survive. Decreasing densities of both chironomids (Fig. 5B) and zooplankton 

(Fig. 5C) in clear treatment over the studied winter period could potentially be explained by 

higher consumption rates due to better visual conditions, further suggesting that sticklebacks 

are capable of reduce resource availability of prey during winter if light conditions are 

suitable.  

As in the case of the sticklebacks in this study, I suggest that, when fish species are able to 

feed at low temperature and resource availability are sufficient, light conditions during 

winter in temperate climate can be an important factor affecting overwinter survival in YOY 

fish because visual prey encounters and hence consumption rates are affected by light 

conditions.  
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In many species small YOY fish starve to death in winter (Oliver et al. 1979, Post & Evans 

1989, Kirjasniemi & Valtonen 1997, Byström et al. 1998, Biro et al. 2004). However, different 

environmental factors that indirect affect light intensity should generally favour either small 

or large recruits produced over the growth season. If individuals are able to feed, smaller 

individuals are less likely to starve than larger individuals. On the other hand if the visual 

conditions constrain feeding intake below metabolic demands even for small individuals, 

larger individuals should be favoured because they withstand starvation for longer time 

periods (Bystrom et al. 2006). For sticklebacks and based on the fact that YOY sticklebacks 

were able to feed during differently winter conditions this suggest that the reproductive 

behaviour of three-spined sticklebacks in producing multiple cohorts (Wootton 1984, Poizat 

et al. 1999) may be a good strategy as even the smallest individuals may not starve to death 

during winter.  

Increase of allochtonous DOC run off due to future climate change is not only proposed to 

reduce lake productivity (Ask et al. 2009, Karlsson et al. 2009). In present study prey 

consumption was reduced in enclosures with high DOC concentration (brown treatment), 

suggesting that lower light intensity during winter due to brownification also reduces visual 

conditions even further and hence search efficiency and consumption rates of fish (see also: 

Horppila et al. 2011, Estlander et al. 2012). Thus, I suggest that brownification could lead to 

higher starvation mortality in YOY fish over winter because of a stronger decrease in feeding 

rates due to reduced visual conditions. Moreover, because foraging capacity are suggested to 

be one of the fundamental factors deciding competitive ability (Persson 1985, Werner 1994), 

future brownification could affect competitive interaction between fish, as changes in 

consumption rates due decrease in lower light condition are likely species specific. This 

assumption agrees with findings of Ulvan et al. (2012) and could potentially lead to future 

changes in fish community with species better adapted to low light intensities getting a 

competitive advantage during winter (Ulvan et al. 2012).  

Global climate change effects in aquatic systems are complex. Increased allochtonous DOC 

run off is expected to decrease light intensity (Ask et al. 2009, Karlsson et al. 2009), but ice-

cover period that constrain light intensity (Leppäranta et al. 2012, Shuter et al. 2012) is likely 

to be shorter with increased temperature (Magnuson et al. 2000). How the net effect of these 

effects play out considering fish performance over winter is not an easy task to predict but 

warrants future studies.  

In conclusion, climate change effects will as mentioned above lead to decreased light 

conditions due to brownification of the water. The results from this study showed that there 

was a negative effect of low light intensity (brownification) on prey consumption in fish 

during winter. I therefore suggest that indirect factors like increased brownification may 

negatively affect over winter survival in fish and thus potentially influence recruitment 

success and densities of fish. 

 

 

5 Acknowledgement 
 

Thanks to Pär Byström for helping out with preparing field work, data analysis and this 

manuscript. I would also like to thank Per Hedström for helping with preparations to field 



11 
 

work and Cecilia Larsson for providing additional environmental data to this study (DOC and 

ice cover).  

 

 

6 References 
 

Ask. J., Karlsson. J., Persson. L., Ask. P., Byström. P. & Jansson. M. 2009. Terrestrial organic 

matter and light penetration: Effects on bacterial and primary production in lakes. 

Limnol. Oceanogr. 54: 2034–2040 

Bergman. E. 1988. Foraging abilities and niche breadths of two percides, Perca fluviatilis and 

Gymnocephalus cernua, under different environmental conditions. Journal of Animal 

Ecology 57: 443-453 

Biro. P. A., Morton. A. E., Post. J. R. & Parkinson. E. A. 2004. Over-winter lipid depletion 

and mortality of age-0 rainbow trout (Oncorhynchus mykiss). Can. J. Fish. Aquat. Sci. 61: 

1513–1519  

Bottrell. H. H., Duncan. A., Gliwich. Z. M., Grygierik. E., Larsson. P. & Weglenska. T. 1976. A 

review of some problems in zooplankton production studies. Norwegian Journal of 

Zoology 24: 419–456 

Brittain. J. E. 1978. The Ephmeroptera of Øvre Heimdalsvatn. Holarct. Ecol. 1: 239-254. 

Byström. P., Persson. L. & Wahlström. E. 1998. Competing predators and prey: Juvenile 

bottlenecks in whole-lake experiments. Ecology 79: 2153-2167 

Byström. P., Andersson. J., Kiessling. A. & Eriksson. L. O. 2006. Size and temperature 

dependent foraging capacities and metabolism: consequences for winter starvation 

mortality in fish. OIKOS 115: 43-52 

Dobson. M & Frid. C. 2009. Ecology of aquatic systems. Second edition. Oxford university 

press. pp 321 

Dumont. H. J., Van de Velde. I. & Dumont. S. 1975. The dry weight estimate of biomass in a 

selection of cladocera, copepoda and rotifera from the plankton, periphyton and benthos 

of continental waters. Oecologia 19: 75–97 

Engstrom-Ost. J. & Mattila. J. 2008. Foraging, growth and habitat choice in turbid water: an 

experimental study with fish larvae in the Baltic Sea. Mar. Ecol. Prog. Ser. 359: 275–281 

Estlander. S., Horppila. J., Olin. M., Vinni. M., Lehtonen. H., Rask. M. & Nurminen. L. 2012. 

Troubled by the humics – Effects of water colour and interspecific competition on the 

feeding efficiency of planktivorous perch. Borial environment research 17: 305-312 

Guthrie. D. M. & Muntz. W. R. A. 1993. Role of vision in fish behaviour. Chapman and Hall 

Ltd., London. 

Hangelin. C. & Vuorinen. I. 1988. Food selection in juvenile three-spined sticklebacks studied 

in relation to size, abundance and biomass of prey. Hydrobiologia 157: 169-177  

Hansson. S., Karlsson. L., Ikonen. E., Christensen. O., Mitans. A., Uzars. D., Petersson. E. & 

Ragnarsson. B. 2001. Stomach analyses of Baltic salmon from 1959–1962 and 1994–1997: 

possible relations between diet and yolk-sac-fry mortality (M74). Journal of Fish Biology 

58: 1730–1745 

Horppila. J., Estlander. S., Olin. M., Philajamaki. J., Vinni. M. & Nurminen. L. 2011. Gender-

dependent effects of water quality and conspecific density on the feeding rate of fish – 

factors behind sexual growth dimorphism. Oikos 120: 855–861 

Jurvelius. J., Leinikki. J., Mamylov. V. & Pushkin. S. 1996. Stock assessment of pelagic three-

spined stickleback (Gasterosteus aculeatus): A simultaneous up- and down-looking echo-

sounding study. Fisheries Research 27: 227-241 



12 
 

Kirjasniemi. M. & Valtonen T. 1997. Size-dependent over-winter mortality of young-of-the-

year roach. Rutilus rutilus. Environmental Biology of Fishes 50: 451–456 

Karlsson. J., Byström. P., Ask. J., Ask. P., Persson. L. & Jansson. M. 2009. Light limitation of 

nutrient-poor lake ecosystems. Nature 460: 506-510 

Kokfelt. U., Rosén. P., Schoning. K., Christensen. T. R., Förster. J. U., Karlsson. J., Reuss. N., 

Rundgren. M., Callaghan. T. V., Jonasson. C. & Hammarlund. D. 2009. Ecosystem 

responses to increased precipitation and permafrost decay in subarctic Sweden inferred 

from peat and lake sediments. Global Change Biology 15: 1652–1663 

Koskela. J., Pirhonen. J. & Jobling. M. 1997a. Effect of low temperature on feed intake, 

growth rate and body composition of juvenile Baltic salmon. Aquaculture international 5: 

479-487 

Koskela. J., Pirhonen. J. & Jobling. M. 1997b. Growth and feeding responses of a hatchery 

population of brown trout (Salmo trutta L.) at low temperatures. Ecology of freshwater 

fish 6: 116-121 

Larsen. S., Andersen. T. & Hessen. D. O. 2011. Climate change predicted to cause severe 

increase of organic carbon in lakes. Global Change Biology 17: 1186–1192 

Lefébure. R., Larsson. S. & Bystrom. P. 2011. A temperature-dependent growth model for the 

three-spined stickleback Gasterosteus aculeatus. Journal of Fish Biology 79: 1815–1827 

Leppäranta. M., Heini. A., Jaatinen. E. & Arvola. L. 2012. The influence of ice season on the 

physical and ecological conditions in Lake Vanajanselkä, southern Finland. Water Quality 

Research Journal of Canada Vol. 47: pp 287–299  

Ljunggren. L & Sandstrom A. 2007. Influence of visual conditions on foraging and growth of 

juvenile fishes with dissimilar sensory physiology. Journal of Fish Biology 70: 1319–1334 

Magnuson. J. J., Robertsson. D. M., Benson. J. B., Wynne. R. H., Livingstone. D. M., Arai. T., 

Assel. R. A., Barry. R. G., Card. V., Kuusisto. E., Granin. N. G., Prowse. T. D., Stewart. K. 

M. & Vuglinski. V. S. 2000. Historical trends in lake and river ice cover in the northern 

hemisphere. Science 289: 1743-1746 

Mazur. M. M. & Beauchamp. D. A. 2003. A comparison of visual prey detection among 

species of piscivorous salmonids: effects of light and low turbidities. Environmental 

Biology of Fishes 67: 397–405 

Oliver. J. D., Holeton. G. F. & Chua. K. E. 1979. Overwinter mortality in fingerling 

smallmouth bass in relation to size, relative energy stores, and environmental 

temperature. Trans. Am. Fish. Soc. 108: 130-136  

Persson. L. 1985. Asymmetrical Competition: Are Larger Animals Competitively Superior? 

Am. Nat. 126: 261-266. 

Persson. L. & Greenberg. L. A. 1990. Juvenile competitive bottlenecks: the perch (Perca 

fluviatilis)–roach (Rutilus rutilus) interaction. Ecology 71: 44–56. 

Poizat. G., Rosecchi. E & Crivelli. J. A. 1999. Empirical evidence of a trade-of between 

reproductive effort and expectation of future reproduction in female three-spined 

sticklebacks. Proc. R. Soc. Lond. B 266: 1543-1548 

Post. J. R. & Evans. D. O. 1989. Size-dependent overwinter mortality of young-of-the-year 

yellow pearch (Perca flavescens): laboratory, in situ enclosure, and field experiments. 

Can. J. Fish. Aquat. Sci. 46: 1958-1968 

Rosén. P., Cunningham. L., Vonk. J. & Karlsson. J. 2009. Effects of climate on organic 

carbon and the ratio of planktonic to benthic primary producers in a subarctic lake during 

the past 45 years. Limnol. Oceanogr. 54: 1723–1732 



13 
 

Rosén. P. 2005. Total organic carbon (TOC) of lake water during the Holocene inferred from 

lake sediments and near-infrared spectroscopy (NIRS) in eight lakes from northern 

Sweden. Biogeochemistry 76: 503–516 

Salminen. M., Erkamo. E. & Salmi. J. (2001). Diet of post-smolt and one-sea-winter Atlantic 

salmon in the Bothnian Sea, Northern Baltic. Journal of Fish Biology 58: 16–35 

Shuter. B. J., Finstad. A. G., Helland. I. P., Zweimüller. I., Hölker. F. 2012. The role of winter 

phenology in shaping the ecology of freshwater fish and their sensitivities to climate 

change. Aquatic Science 74: 637-657 

Sirois. P. & Dodson. J. J. 2000. Influence of turbidity, food density and parasites on the 

ingestion and growth of larval rainbow smelt Osmerus mordax in an estuarine turbidity 

maximum. Mar. Ecol. Prog. Ser. 193: 167-179 

Ulvan. E. M., Finstad. A. G., Ugedal. O. & Berg. O.K. 2012. Direct and indirect climatic 

drivers of biotic interactions: ice-cover and carbon runoff shaping Arctic char Salvelinus 

alpinus and brown trout Salmo trutta competitive asymmetries. Oceologia 168: 277-287 

Vogel. J. L. & Beauchamp. D. A. 1999. Effects of light, prey size, and turbidity on reaction 

distances of lake trout (Salvelinus namaycush) to salmonid prey. Can. J. Fish. Aquat. Sci. 

56: 1293–1297 

Williams. D. D. & Delbeek. J. C. 1989. Biology of the threespine stickleback. Gmterosteus 

uculeutus. and the blackspotted stickleback. G. wheatlandi. during their marine pelagic 

phase in the Bay of Fundy. Canada. Environmental Biology of Fishes Vol. 24. No. 1. pp. 33-

41 

Welch. H. H. 1976. Ecology of chironomidae (Diptera) in a polar lake. J. Fish. Res. Board 

Can. 33: 227-247 

Werner. E. E. 1994. Ontogenetic scaling of competitive relations: Size-dependent effects and 

responses in two anuran larvae. Ecology 75: 197-213 

Wootton. R. J. 1984. A functional biology of sticklebacks. London: Croom helm. 

 


