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Physiology and behavior of organism are directly related to temperature and have been recognized to be 

affected by the recent climate change. However, due to the complex nature of topography and various land 

cover, the changes are highly spatially heterogeneous. Consequently, warming effects vary for a given 

species across space. In temperate regions, growth and metabolic rates of ectothermic vertebrate species, 

including fishes, are likely to be impacted by the warming as growth rates are predicted to increase. But as 

metabolic demands also increase, growth rates will be declining to maintain cardiac function and 

respiration. Understanding the temporal and spatial patterns of the physiological processes, such as 

consumption rate and its consequence to growth, is important to predict future species distribution trends 

needed to develop effective management plans on a regional scale. In this study, we examined seasonal and 

spatial variations of Arctic Grayling (Thymallus arcticus) productivity and characterize how climate change 

affects growth and consumption rates in its geographical distribution. The results showed the amount of 

food consumed to gain a particular weight varies with season and differs in the species distribution range. 

However, in the southern part, the coldwater species is more vulnerable in terms of metabolism since its 

optimum thermal habitat decreases, whereas in the northern part, climate change expands the suitable 

habitat for Arctic Grayling. Our data demonstrates that increasing water temperatures will push Arctic 

Grayling above the point where warming is beneficial for growth and suggests an overall range contraction 

as a result. 

1 INTRODUCTION 

Although climate change affects the majority of global ecosystems, its threat to northern freshwater ecosystems 

is particularly acute [1]. Expected impacts of climate change include poleward and/or altitudinal shifts in 

geographical distributions of species, population collapse and species extinction, physiological variation, 

alteration in resource availability and food web structure, changes in physiology, growth, metabolisms, and 

behavior of organisms, and reductions in overall ecosystem function [1,4]. Even though variations in 

environmental temperature tend to be the primary driver of ecosystem and species distribution changes, 

ectothermic vertebrate species such as fish are particularly vulnerable to climate change. Temperature increases 

beyond a critical threshold level (optimum thermal habitat) can result in seriously inhibited growth rates and in 

extreme cases mortality may occur. 

 

As climate change is not uniform across a landscape and its effects are expected to diverge in both 

magnitude and direction in different geographic areas [3], understanding how fish productivity varies in the 

species geographical distribution (freshwater ecoregions) with climate change is critical for an adaptive 

management plan for commercial, recreational, and Aboriginal fisheries. Bioenergetics models predicting fish 

growth can provide estimates of responses to environment than do population models because growth alters 

biomass more quickly than population density [4]. In this study, we analyze the seasonal and spatial variations of 

Arctic Grayling productivity and illustrate how climate change may affect fish productivity over its geographical 

distribution using ecoregions. 

 



2 MATERIALS AND METHODS 

2.1 Water temperature in the distribution range of Arctic Grayling 

The current geographical distribution range of Arctic Grayling was obtained from the literature. Monthly mean 

air temperatures for the present and future with a spatial resolution of 30 s (≈ 1 km) of the species’ geographical 

range were downloaded from Wordclim (http://www.worldclim.org). We calculated a 30-year monthly mean 

temperature (1961-1990) to use as our monthly mean present monthly temperature. For the future temperature, 

we used Atmospheric-Ocean General Circulation Models (AOGCMs) run under three different greenhouse-gas 

emissions scenarios (B1, A1b, and A2). These scenarios represent the lower, mid, and mid-high range of the 

IPCC Special Report on Emissions Scenarios.  

To convert the air temperature to the stream temperature, we used a nonlinear regression [5]. The conversion 

was computed as: 
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where Twater is the estimated water temperature (°C); Tair is the air temperature (°C); C0 is upper bound water 

temperature (°C); C1 is a function of the steepest slope (inflection point); and C2 is the air temperature (°C) at the 

inflection point. 

2.2 Bioenergetics model and simulations 

To assess the effects of climate change on the consumption and productivity (weight gain) for the young-of-the-

year Arctic Grayling for each grid of its geographical distributional areas, we applied the Wisconsin 

bioenergetics model [3]. The model allocates daily consumed energy (C) over metabolic processes such as 

standard respiration (RS), active respiration (RA), specific dynamic action (SDA), waste losses due to egestion 

(F) and excretion (U), and growth (G) as follows: 
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To analyze the productivity variations in time and space, we performed two scenarios: First, the temporal 

and spatial variations of food consumption when growth was fixed. Here, we used fixed body weight, i.e., 0.04 g 

at emergence and 45 g at the end of the year with no restriction for food availability. Consequently, food 

consumption rate varies solely as a function of temperature between the geographical areas. In the second 

scenario, the temporal and spatial variations of growth were simulated when food intake is fixed to 250 g y
-1

. 

3 RESULTS AND DISCUSSION 

3.1 Temporal and spatial patterns of thermal habitat  

Over the geographical distribution range of Arctic Grayling, the current average annual mean water temperature 

is 3.8 °C ranging from 0.5-15 °C (Fig. 1). On average, water temperature is predicted to increase by about 1 °C 

by the 2050s over the distribution range. However, the degree of changes in water temperature will vary among 

seasons and geographical area. Highest differences occur in summer, especially in August (by > 2.5 °C). In some 

parts of the species’ distribution, water temperatures are predicted to approach the species’ lethal level of around 

22.5 °C; especially in the southern parts of its geographical range (Fig.1).  

 

These results indicate that increasing water temperature may push the species past the point where warming 

is beneficial to growth and suggests mechanisms for range contraction as a result. In fact, for populations living 

at the warm-edge of their distribution, temperature that passes the optimum level result in higher metabolic costs 

and less availability of energy for growth and reproduction. The study further demonstrated that as temperature 

increases, the range of optimum habitat temperature exhibits variations in space for present and future. For 

example, the optimum habitat is expanded in colder regions by shifting the current cold temperature closer to the 

optimum temperature, whereas in warmer regions, the area is diminished. On average, about 25% of the 

optimum habitat would be decreased in the future. 
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Figure 1. Annual average water temperature in the distribution range of Arctic Grayling present (A) and future 

(B); difference between present and future annual mean water temperature (C); and the average monthly, 

seasonal, and annual differences between these two periods (D). 

3.2 Temporal and spatial variation of food consumption to maintain a fixed growth rate  

As temperature varied between seasons and in space, the average amount of food consumed to obtain a particular 

weight gain of 45 g at the end of the year from an initial starting weight of 0.04 g changed accordingly. Food 

consumption ranged from 308 J g
-1

d
-1

for present (1969-1999) to 218 - 314 J g
-1

d
-1

 for the future (2040 to 2069). 

It differed among the ecoregions during both time periods (Present: F15,520762 = 38937, p < 0.001; Future: F15, 

520762 = 34954, p < 0.001), which indicates that different food consumption rates are required to gain a certain 

weight across its geographical distribution. 

 

A strong positive relationship between consumption rate and temperature was observed (Present: r
2
 = 0.97, p 

< 0.01; Future: r
2
 = 0.96, p < 0.001). In each grid of its distribution, only 31% of the energy of the food intake 

was used for growth. The rest of the energy (69%) was lost through respiration (30.6%), specific dynamic action 

(15%), egestion (15%), and excretion (8.5%). In general, loss of energy also increases with temperature (r
2
 = 

0.96, p < 0.001) indicating that fish requires a greater amount of food to gain weight in warmer than in colder 

water within their geographical distribution. 

 

The amount of food consumed to gain the required weight varied not only between ecoregions but also 

between seasons. For example, food consumption rate was highest in summer, followed by spring, fall, and 

winter seasons. In fact, due to the cold temperature in the northern hemisphere, fish generally undergo maximum 

growth in summer. However, interactions between seasonality and ecoregions on the consumption rate were 

significant in both periods (present and future), indicating that the effect of seasonality on the amount of food 

needed to gain 45 g is different between ecoregions (Table 1). 



 

Table 1. Effects of space (freshwater ecoregions) and season on (A) the food consumption rate of Arctic 

Grayling when weight gain is fixed; (B) the growth (measured as weight in g) when food intake is fixed. 

A. Weight gain is fixed.          B. Food intake is fixed. 

Category df F p Category df F p 

Present    Present    

Regions 15 45852 <0.001 Regions 15 4320441 <0.001 

Seasons 3 146546118 <0.001 Seasons 3 809600 <0.001 

Regions x 

Seasons 45 21689 <0.001 

Regions 

x Seasons 45 10972 <0.001 

Future 

   

Future    

Regions 15 67292 <0.001 Regions 15 40535 <0.001 

Seasons 3 133621941 <0.001 Seasons 3 786600 <0.001 

Regions  

x Seasons 45 16270 <0.001 

Regions 

x Seasons 45 39530 <0.001 

 

In general, 75% of the food intake occurred in summer, 23% in spring, 7% in fall, and only 4% in winter. 

On average, the largest change in the future consumption is projected to be in the fall. However, in comparison 

of the contribution between cold and warm temperature regions, seasonal contribution to the total consumption 

was relatively spread throughout the year in the warmer area than in cold area. In the area with warmer 

temperature, in summer, consumption fell to 70% of the annual total consumption, but spring and fall 

consumption rose to 16% and 11%, respectively. The study showed seasonal shifts in consumption from current 

to 2050s, indicating that species may suffer in future if food availability does not correspond with their feeding 

time or seasons.  

3.3 Temporal and spatial variation in productivity 

When fish growth was modeled with a fixed food intake of 250 g y
-1

, the average annual growth of young-of-the- 

year Arctic Grayling was 37.1 g for the present time, but it dropped to 3.4 g in the future. The decline in growth 

is an indication of food limitation and increased metabolic costs due to higher water temperatures. However, the 

predicted growth varied among seasons and space. In the Northern areas with colder water temperature, future 

growth was predicted to be higher during summer and fall; but in the Southern areas with warmer water 

temperature, growth decreased in all seasons. It infers that increasing water temperatures might have enhanced 

weight in colder regions because of increasing water temperatures closer to the optimum temperature, which 

resulted in an expansion of the spatial extent of the preferred thermal habitat of Artic Grayling into colder areas. 

 

In conclusion, climate change affects both food consumption and growth for Arctic Grayling. However, the 

magnitude of the impacts varies between seasons and regions. The study indicates that Arctic Grayling 

populations in colder areas (high latitudes and high elevation) will benefit from increased water temperatures; 

the opposite effect is found for the populations inhabiting warmer areas (low altitudes and low elevations).  
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