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Abstract

Population viability depends on the response of individuals to prevalent environmental conditions.  Many stages of the fish life cycle provide the mobility to choose among microclimates.  Eggs are not mobile and are more sensitive to thermal conditions than other stages.  We test the hypothesis of adaptation to thermal conditions in the development and mortality of Arctic char eggs.  Degree-days required for incubation decrease at low temperatures, development rates increase with temperature, and mortality rates increase at both low and high temperatures.  Both development and mortality are influenced by the location of origin.  Development rates are lower in North America than Europe at high temperatures, but North American stocks have higher development rates at low temperatures.  Mortality rates change with longitude and the optimal temperature for survival decreases from 4.9°C in Austria to 3.5°C in Canada.  Eggs can be adapted to local thermal conditions, and the development and mortality of char eggs are not species-specific, but rather regional or even stock-specific characteristics, with char eggs from North America being adapted to colder incubation temperatures.

Introduction

Early life history stages of fish tend to be vulnerable, often experiencing high mortality.  Predation and unsuitable environmental conditions, independently or in combination, are the leading causes of mortality in eggs.  Predation is a major source of mortality for pelagic eggs (McGurk 1986, Pepin 1991), however, while egg predation does occur for demersal spawners, it is likely to have less of an effect (Duarte and Alcaraz 1992).  Temperature can influence both the development and mortality of eggs (e.g. Pepin 1991), and is more likely to be a major source of mortality for demersal spawners (Duarte and Alcaraz 1992).  Given that eggs are at the mercy of the environmental conditions into which they are spawned, we expect the eggs of demersal spawners to be adapted to these local environmental conditions.

Arctic char, Salvelinus alpinus, is a freshwater salmonid that migrates to sea during the summer to feed then returns to freshwater lakes to spawn and over-winter.  As with other salmonids, Arctic char spawn demersally, digging redds in which to bury their eggs.  Under these conditions, char eggs are relatively protected from predators and the stochasticity associated with spawning pelagically.  Arctic char exhibit a circumpolar distribution (Johnson 1980), and range in latitude from approximately 46°N to 74°N (Rubin 1993), though some landlocked populations do occur further south, such as in Maine at latitude 44°N (Kircheis 1976).  Across this range of geographic locations, environmental conditions vary greatly, and the conditions experienced by incubating eggs will similarly vary.  In Floods Pond, Maine (latitude 44°N), eggs are spawned between mid-October to the end of November in water temperatures between 14°C and 6.5°C (Kircheis 1976).  Char in Lake Léman (Geneva, latitude 46°N) do not spawn before water temperatures have dropped below 5°C, and their eggs exhibit reduced survivorship if ovulation is initiated at higher temperatures (Gillet 1991).  Incubating char eggs in Lake Windermere, England (latitude 54°N), experience incubation temperatures between 5°C and 8°C depending on location and timing of spawning (Baroudy and Elliott 1994a).  In Char Lake, Baffin Island, Canada (latitude 74°N), char eggs incubate around 0.75°C (Johnson 1980).

High mortality in the early life history stages of fishes has led to the idea of a critical period.  Reviews have found support for the idea of a critical period at the transition from endogenous to exogenous feeding (Vladimirov 1975, Li and Mathias 1987).  However, mortality does not always have to be high during the critical period.  Li and Mathias (1987) found that environmental conditions, such as temperature and food availability, could mediate mortality during the critical period.  Arctic char mostly live in Arctic lakes that are oligotrophic (Hammar 1989).  Arctic lakes tend to have a short period of productivity that starts just before ice off, peaks and then declines shortly after ice off (e.g. Welch et al. 1989).  For Arctic char, timing of the transition to exogenous feeding to coincide with the short period of productivity would be critical for the survival and growth of offspring.  Timing of development to coincide with the availability of prey has been observed in other salmonids (e.g. Healey 1979), and a number of mechanisms have been identified to stabilize the timing of development with the physical environment (Brannon 1987).

Given the range of environmental conditions inhabited by Arctic char, we hypothesize that adaptation to local environmental conditions should be observable in the effect that temperature has on the development and mortality of Arctic char eggs.  Baroudy and Elliott (1994a) tested for differences among the four races of Arctic char that inhabit Lake Windermere (autumn and spring spawners in the north and south basins).  No differences were found in incubation times or hatching successes among races, however, Baroudy and Elliott did not compare eggs under similar conditions, allowing incubation temperatures to vary with lake water temperatures over the course of their experiment.  Hendry et al. (1998) tested the hypothesis of local adaptation under controlled conditions with sockeye salmon, Onchorhynchus nerka, eggs.  They found some evidence of local adaptation to spawning locations and times in Lake Washington, with a divergence time of only 9-14 generations.  Arctic char occupy a diversity of habitats and exhibit spawning site fidelity (Gyselman 1994) which should aid in local adaptation.  By comparing char across their geographic range, we can compare between populations that have been separated for hundreds of generations.

To test the hypothesis of adaptation to local environmental conditions, we will first test for a temperature effect on degree-days required for development.  Compensation in development rate is a control mechanism to ensure that small variation in spawning time and incubation temperature has little or no effect on emergence timing (Brannon 1987).  A temperature effect on required degree-days would indicate that the timing of emergence is important and under selection.  After this we will quantify the relationship between development and temperature and between mortality and temperature, and test for differences among geographic locations.
Methods
To determine the influence of temperature on development and mortality in Arctic char eggs, we searched for data on time to hatch, D, measured as days from fertilization to 50% hatch, and survival, S, measured as the proportion of a batch of eggs that hatched.  For each D and S data point, we recorded the incubation temperature, T, measured in C.  Time to hatch can be converted to development rate, 1/D with units d-1, and survival can be converted to cumulative mortality rate, Mc = -ln S.  Cumulative mortality rate, which has units of per time, does not have units of d-1 since it is based on survival from fertilization to hatch.  Thus, cumulative mortality rate is expressed as a rate over the entire incubation period, the duration of which is dependent on temperature.  Daily mortality rates, Md, were calculated by assuming constant mortality over the development period (as per Pepin 1991), so that Md = -ln S1/D.

To collect data on the development of Arctic char eggs, we surveyed the literature to find papers that reported the time required for the development or survival of eggs.  Most of the data comes from the aquaculture literature reporting experiments carried out in the laboratory under controlled conditions.  Studies that examined cross-fertilization between Arctic char and other species were not used, but control groups identified as pure Arctic char crosses were accepted.  When a range for time to hatch was reported, we used time to 50% hatch and when the 50% point was not reported we used the mid-point in the range of hatch times, i.e. we assumed that hatch times are normally distributed.  However, some studies did not specify whether the reported time to hatch data was the time to first egg hatched, 50% hatched, or last egg hatched.  In these unspecified cases we assumed that reported data were for 50% hatch since this is the more typical form of reporting incubation times.  In cases where data were read off a graph, time to hatch is in full days.  Partial days are used when the time to hatch data were available or calculated from reported degree-days (T·D).  Egg survival is presented as the proportion of eggs that hatched.  Mortality rates were calculated from survival data.  Cases where no eggs survived to hatch (S = 0) were assigned a mortality rate of 5.  This arbitrary value represents the survival of 1 egg in 150 (a sample size greater than observed in the relevant studies) and is only slightly higher than the mortality rate when S = 0.01, i.e. Mc = 4.61.

To test for the possibility of adaptation to local environmental conditions, we recorded the latitude, La, longitude, Lo, and continent, C, of the system where the parental stock originated.  In cases where the latitude and longitude were not provided, The Times Atlas of the World (1999) was consulted.  To quantify the influence of temperature on development and mortality, we used the linear regression and the non-linear curve estimation procedures in SPSS (SPSS 1997).  When using the linear regression procedure, stepwise and backward elimination regression procedures were used to find the best model (Kleinbaum et al. 1988).  In one case we used a two-phase regression following the methodology outlined by Nickerson et al. (1989).

Results

 Compensation in Development
From 14 papers we obtained 43 data points on egg development (Table 1).  Incubation temperature in these studies ranged from 0.75°C to 16°C.  Degree-days required for incubation ranged from 135 degree-days at 0.75°C to 551 degree-days at 9.5°C.  The mean number of degree-days required was 404.12 (SD = 91.25).  As observed in other salmonids (Brannon 1987), required degree-days were not constant over the range of incubation temperatures (Fig. 1).  Instead, the number of degree-days required for incubation increases as a function of incubation temperature (R2 = 0.80, F2,40 = 86.39, p < 0.001):
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The required degree-days for incubation decline below 2°C (Fig. 1).  Thus, development of Arctic char eggs exhibits compensation, with slower development per degree Celsius (more required degree-days) at high incubation temperatures than at low temperatures.  This indicates that the timing of emergence is important (Brannon 1987), and we can expect development and mortality to experience selection pressure from local incubation conditions.

Table 1.  Location of origin, latitude (La), longitude (Lo), incubation temperature (T, °C), time to hatch (D, days), survival (S), and the data reference.

	Location
	La
	Lo
	T
	D
	S
	Source

	Kyurendsah R
	59.37
	143.37
	3.0
	120
	
	Pavlov et al. (1987)

	
	
	
	5.3
	92
	
	Pavlov et al. (1987)

	
	
	
	9.1
	50
	
	Pavlov et al. (1987)

	Batsvatn, Norway
	70.63
	29.72
	4.4
	92
	
	Balon (1980b)

	Storvatn, Norway
	68.17
	16.50
	6.0
	
	0.67
	de March (1991b)

	
	
	
	3.0
	
	0.80
	de March (1991b)

	
	
	
	6.0
	
	0.64
	de March (1995)

	Lunzer Untersee, Austria
	47.75
	15.17
	2.0
	248.3
	
	Jungwirth and Winkler (1984)

	
	
	
	4.0
	116.2
	0.78
	Jungwirth and Winkler (1984)

	
	
	
	6.0
	75.2
	0.85
	Jungwirth and Winkler (1984)

	
	
	
	7.0
	
	0.95
	Jungwirth and Winkler (1984)

	
	
	
	8.0
	55.4
	0.78
	Jungwirth and Winkler (1984)

	
	
	
	10.0
	43.7
	
	Jungwirth and Winkler (1984)

	
	
	
	11.0
	
	0.15
	Jungwirth and Winkler (1984)

	
	
	
	12.0
	36.1
	
	Jungwirth and Winkler (1984)

	
	
	
	13.0
	
	0.02
	Jungwirth and Winkler (1984)

	
	
	
	14.0
	30.7
	
	Jungwirth and Winkler (1984)

	
	
	
	16.0
	26.6
	0.01
	Jungwirth and Winkler (1984)

	Lunz, Austria
	47.75
	15.17
	4.0
	68.5
	0.98
	Gruber and Wieser (1983)

	
	
	
	8.0
	51
	0.98
	Gruber and Wieser (1983)

	Grundlsee, Austria
	47.75
	13.75
	1.0
	175
	0.20
	Steiner (1984)

	
	
	
	1.5
	140
	0.15
	Steiner (1984)

	
	
	
	3.5
	108
	0.88
	Steiner (1984)

	
	
	
	5.0
	88
	0.91
	Steiner (1984)

	
	
	
	7.5
	60
	0.91
	Steiner (1984)

	
	
	
	8.0
	45
	0.89
	Steiner (1984)

	
	
	
	11.0
	40
	0.22
	Steiner (1984)

	
	
	
	12.0
	40
	0.00
	Steiner (1984)

	Untersee, Austria
	47.75
	9.00
	1.4
	166.6
	0.90
	Humpesch (1985)

	
	
	
	5.2
	72.9
	0.90
	Humpesch (1985)

	
	
	
	8.0
	55.6
	0.54
	Humpesch (1985)

	
	
	
	13.0
	
	0.00
	Humpesch (1985)

	
	
	
	15.1
	
	0.00
	Humpesch (1985)

	L. Geneva
	46.53
	6.65
	5.0
	
	0.85
	Gillet (1991)

	
	
	
	5.1
	
	0.84
	Gillet (1991)

	
	
	
	5.5
	
	0.79
	Gillet (1991)

	
	
	
	5.8
	
	0.36
	Gillet (1991)

	
	
	
	7.8
	
	0.61
	Gillet (1991)

	
	
	
	8.4
	
	0.17
	Gillet (1991)

	
	
	
	8.91
	
	0.04
	Gillet (1991)

	
	
	
	9.8
	
	0.30
	Gillet (1991)

	L. Leman
	46.53
	6.65
	8.0
	56.8
	0.46
	Dumas et al. (1992)

	Windermere L., fall spawner
	54.38
	-2.90
	4.0
	96.7
	0.93
	Swift (1965)

	
	
	
	6.0
	75.7
	0.92
	Swift (1965)

	
	
	
	8.0
	53.7
	0.85
	Swift (1965)

	
	
	
	10.0
	41.3
	0.10
	Swift (1965)

	
	
	
	12.0
	35.5
	0.03
	Swift (1965)

	
	
	
	14.0
	
	0.00
	Swift (1965)

	Windermere L., spring spawner
	54.38
	-2.90
	4.0
	94.8
	0.89
	Swift (1965)

	
	
	
	6.0
	74.3
	0.78
	Swift (1965)

	
	
	
	8.0
	54.7
	0.65
	Swift (1965)

	
	
	
	10.0
	44.6
	0.32
	Swift (1965)

	
	
	
	12.0
	
	0.00
	Swift (1965)

	Fraser R., Labrador
	56.75
	-63.50
	6.3
	76.35
	
	Baker (1983a)

	
	
	
	6.2
	75
	
	Baker (1983b)

	
	
	
	5.5
	90
	
	de March and Baker (1990)

	
	
	
	6.0
	
	0.56
	de March (1991a)

	
	
	
	3.0
	
	0.63
	de March (1995)

	
	
	
	6.0
	
	0.42
	de March (1995)

	Floods Pond, ME
	44.75
	-68.50
	1.5
	136
	
	Balon (1980a)

	
	
	
	4.4
	82
	
	Balon (1980a)

	
	
	
	9.5
	58
	
	Balon (1980a)

	Char L., NT
	74.70
	-94.83
	0.75
	180
	
	in Johnson (1980)

	Nauyuk L., NT
	68.37
	-107.72
	6.4
	60
	0.08
	Papst and Hopky (1984)

	
	
	
	6.0
	
	0.34
	de March (1991b)
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Figure 1. The influence of incubation temperature (C) on degree-days (deg. C) with regression line LnTD = 5.17 + 0.87Ln T - 0.20Ln T2, R2 = 0.80.

Egg Development

Time to hatch ranged from 26.6 days at 16°C up to 248.3 days at 2°C.  The mean incubation temperature was 6.66°C (SD = 3.61) and the mean time to hatch was 81.23 days (SD = 46.27).  Incubation temperature significantly influenced time to hatch (R2 = 0.91, F1,41 = 404.05, p < 0.001) with time to hatch declining as incubation temperature increased (Fig. 2a) according to the exponential function:
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The one data point at 248.3 days for incubation at 2°C, which appears to be such an outlier (Fig. 2a), does not significantly affect this regression.  Neither the constant (t81 = 0.83, p = 0.41) nor the exponent (t81 = 0.66, p = 0.51) change significantly when this data point is removed, so we leave it in place.

Egg development is better described by development rate (1/D) as a function of incubation temperature (Fig. 2b; R2 = 0.97, F5,37 = 250.59, p < 0.001).  Development rate increases non-linearly with incubation temperature, latitude, longitude (in North America), and continent of origin (C = 0 for Europe, C = 1 for North America) according to the equation:
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The observed decrease in development rate with temperature (equation 3) predicts that the theoretical development threshold temperature, below which development ceases, is -2.31C in Europe (
[image: image5.wmf]a
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= 51.16) and -8.13C in North America (
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We have sufficient data to describe development rate as a function of temperature for six locations, so we compare regression equations to determine if they describe a common underlying function (Zar 1984).  When all the data are used, we find that this test is significant (F6,28 = 2.69, p = 0.035), suggesting that there is no single underlying function.  By comparing the slopes of the six relationships, we found that the only location exhibiting a consistent difference is the Sunapee char from Floods Pond, Maine (Table 2).  When the data for the Sunapee char are removed, there is no longer any difference among the relationships (F4,27 = 1.42, p = 0.26).  Floods Pond is the only site in this sub-sample from North America, and this analysis supports the above regression equation (equation 3) showing a different development rate for char eggs in North America.  Without the Floods Pond data, the rest of North America (1/D = 0.00433 + 0.00142T) is still significantly different from some European sites, but is not significantly different from the Floods Pond data (t4 = 0.88, p = 0.43).

Table 2.  Comparison of regressions from six locations arranged northeast to southwest.  The diagonal shows the regression equations for each location.  The lower portion shows the result of pair-wise comparisons of the slopes.  NS: P > 0.05; *: P < 0.05; **: P < 0.01. 

	
	Kyurendzha River
	Lunzer Untersee
	Grundlsee
	Untersee
	Lake Windermere
	Floods Pond

	Kyurendzha River
	1/D = 0.00169 + 0.00196T
	
	
	
	
	

	Lunzer Untersee
	NS
	1/D = 0.000918 + 0.00226T
	
	
	
	

	Grundlsee
	NS
	NS
	1/D = 0.00358 + 0.00189T
	
	
	

	Untersee
	NS
	NS
	NS
	1/D = 0.00367 + 0.00183T
	
	

	Lake Windermere
	NS
	NS
	NS
	*
	1/D = 0.000716 + 0.00225T
	

	Floods Pond
	NS
	**
	*
	**
	**
	1/D = 0.00606 + 0.00121T
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Figure 2.  The influence of incubation temperature (C) on (a) development time (days) with regression line D = 173.82e-0.134T, R2 = 0.91, and (b) development rate (per day) with regression line: 1/D = 0.0068 + 0.0016T - 6.5x10-5La + 6.9x10-7T2La - 1.1x10-5TLaC - 5.3x10-7LaLoC, R2 = 0.97, for Europe (solid line, C = 0, 
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L

= 51.16) and North America (dotted line, C =1, 
[image: image10.wmf]a

L

= 57.18, 
[image: image11.wmf]o

L

= -74.73).  Squares represent data from Europe; diamonds represent data from North America.

Egg Mortality

From 13 papers we obtained 50 data points on egg mortality (Table 1).  Incubation temperature ranged from 1°C to 16°C, with a mean of 7.40°C (SD = 3.53).  Egg survival ranged from 0 at temperatures above 12°C to 0.98 at 4°C and 8°C.  Mean egg survival was 0.52 (SD = 0.36).  Cumulative egg mortality is influenced by both incubation temperature and longitude (Lo) ( 3; R2 = 0.83; F4,45 = 61.38, p < 0.001):
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Based on equation 4, at Lo = -0.33 (the mean longitude in the mortality data), the optimal incubation temperature is 4.63°C where survival is 0.98.  As longitude increases, the optimal incubation temperature drops from 4.89°C at Lo = 16.52 to 3.54°C at Lo = -107.72 (Fig. 3a).  If we define lethal limits for incubation as the temperatures where Mc = 5, then the lower limit on incubation temperature, at Lo = -0.33, is -1.44°C and the upper limit on incubation temperature is 13.75°C.  As longitude increases, the zone of tolerance narrows (Fig. 3a).  The lower limit changes little from -1.44°C at Lo = 16.52 to -1.40°C at Lo = -107.72.  The upper limit, however, drops over the same range from 16.31°C to 9.44°C, respectively.

By assuming constant mortality from fertilization to hatch, cumulative mortality can be converted to daily mortality, Md.  In cases where S data were not paired with 1/D data, development rate was estimated using equation 3.  Using a two-phase regression approach (Nickerson et al. 1989), we found that daily mortality was best explained by two linear regressions as a function of incubation temperature.  Below 7.91°C, daily mortality was constant across incubation temperatures (R2 = 0.023, F1,26 = 0.62, p = 0.44)), but significantly greater than zero (t28 = 4.01, p < 0.001).  Above 7.91°C, daily mortality rose sharply with incubation temperature (R2 = 0.89, F1, 20 = 167.62, p < 0.001), averaging a decrease of 2% survival per day for every degree increase in temperature over the range of 8°C to 16°C.  Thus, daily mortality is initially independent of incubation temperature and then increases linearly as incubation temperature increases (Fig. 4):
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Neither longitude (partial r = -0.25, p = 0.26) nor the interaction between longitude and incubation temperature (partial r = -0.30, p = 0.19) had a significant affect on daily mortality rates.  The analysis of daily mortality rates suggests that the lower limit on incubation temperature set by the analysis of cumulative mortality is a result of the longer period of development at lower incubation temperatures, and not necessarily a reduction in tolerance to colder incubation temperatures.

Discussion

Incubation temperature has a significant effect on both the development and mortality of Arctic char eggs, as it does in other fishes (e.g. Pauly and Pullin 1988, Duarte and Alcaraz 1989, Pepin 1991).  Char egg development exhibits compensation, so that the rate of development per unit temperature is higher at low incubation temperatures, ensuring that slight variation in incubation temperature or the timing of spawning have little or no effect on the timing of emergence (Brannon 1987).  The general pattern of compensation in char (Fig. 1) is similar to other salmonids (e.g. see Fig. 2 in Brannon 1987).  Changes in the rate of development with temperature reflect developmental needs.  In general, species that develop in colder water have higher development rates and require fewer degree-days at the same temperature (Brannon 1987).  In char, the pattern is not so simple.  In Europe, as latitude increases, development rate increases (as per the above pattern).  In North America, however, development rate decreases with latitude, similar to chum salmon, Oncorhynchus keta, in British Columbia (Beacham and Murray 1987).  Comparing between continents we find that development rate is higher in North America at low incubation temperatures, but is lower at high incubation temperatures.  The higher development rate at low temperatures does suggest that char in North America are adapted to lower incubation temperatures than char in Europe.  However, further work is necessary.  Most of the data are from European stocks, and data is lacking from North American stocks.  Factors we did not consider that may also vary with geographic location and can affect development include ovulation temperatures (Gillet 1991), egg size (Beacham and Murray 1987, Pauly and Pullin 1988, Jonsson and Jonsson 1999) and maternal effects (Beacham and Murray 1985, de March 1991a, Benoît and Pepin 1999).
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Figure 3. The influence of incubation temperature (C) on (a) cumulative mortality rate with the regression lines Mc = 2.77 - 1.29T + 0.17T2 - 0.005T3 - 0.00033T2Lo, R2 = 0.83, for the maximum (16.52), minimum (-107.72), and mean (-0.33) longitudes in the mortality data set, and (b) probability of survival (line is drawn from the Mc regression line at Lo = -0.33).
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Figure 4. The influence of incubation temperature (C) on daily mortality rate (per day) with the regression lines Md = 0.0056 below 7.91C, and Md = -0.179 + 0.02333T, R2 = 0.89, at 7.91C and above.

Temperature also influences cumulative mortality rates as in other fishes (Pepin 1991), with mortality increasing at both low and high incubation temperatures, as in other salmonids (e.g. Beacham and Murray 1990).  The influence of incubation temperature on cumulative mortality rate supports the conclusions drawn from development rate, pointing to adaptation in North America to colder incubation temperatures.  Char in North America exhibit both a narrower zone of thermal tolerance and a lower optimal incubation temperature.

Daily mortality rates show no evidence of adaptation to local environmental conditions, and are only influenced by incubation temperatures above 7.91°C.  There are two possible reasons for the difference between the analysis of cumulative mortality data and the analysis of daily mortality data.  First, it is possible that mortality is not adapted to local conditions, but rather the Mc data is reflecting adaptation in development rate.  We think this is unlikely since the pattern of adaptation differs between the development and mortality rates.  Other than the general adaptation to colder incubation temperatures in North America, development rate exhibits an interaction between latitude and continent of origin, whereas mortality rates only exhibit an effect of longitude.  The second possible reason for the dichotomy between cumulative and daily mortality rates is that the assumption of constant mortality over the development period may be wrong.  Instead, most mortality may occur at transition points such as fertilization, eyed stage and hatching (Balon 1984, Blaxter 1988).  However, since daily mortality rates have not been studied, we cannot definitively state that the apparent lack of adaptation in daily mortality rates is due to the erroneous assumption of constant mortality.  Future research should attempt to clarify this issue.

The thermal tolerance calculated from the cumulative mortality data suggests that the southern distribution of Arctic char is limited by thermal tolerance at the egg stage.  In fishes, the egg stage tends to have the narrowest range of thermal tolerance (Elliott 1981); this is apparently true for Arctic char as well.  The data presented in this paper show that char eggs can tolerate temperatures between -1.4°C and 9-16°C.  Juvenile Arctic char, however, can tolerate temperatures up to 26°C (Baroudy and Elliott 1994b, Lyytikäinen et al. 1997).  The eggs of Arctic char are also adapted to their incubation temperatures, exhibiting an optimal incubation temperature that varies among locations.  For these reasons, we expect that increases in water temperatures (Schindler et al. 1990, 1996, Pienitz and Vincent 2000) are most likely to affect early life history stages first and hardest.  Therefore, we cannot assume that an increase in water temperature in the Arctic will not seriously affect populations, but rather, increasing water temperatures may result in incubation temperatures moving away from adapted optimal temperatures, leading to increased egg mortality and reduced recruitment.  This, then, is the real potential for a population impact from global warming.  Unfortunately, early life history stages are also the portions of Arctic fish populations that are the least studied and for which the most data is lacking.
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