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Embryo and alevin survival, time to hatching and emergence, and alevin and fry size of five species of Pacific salmon 
(Oncorhynchus) were observed at five incubation temperatures (2, 5,  8, 11, and 14°C). No pink (Oncorhynchus gorbuscha) 
or chum (0 .  keta) salmon embryos survived to hatching at 2°C. Coho ( 0 .  kisutch) and sockeye ( 0 .  nerka) salmon had higher 
embryo survival at 2°C than chinook ( 0 .  tschawytscha) salmon. At 14"C, chum, pink, and chinook salmon had higher 
embryo survival than coho or sockeye salmon. In all species, peaks of embryo mortality occurred at specific developmental 
stages (completion of epiboly, eye pigmentation, and hatching). Alevin survival to emergence was high for all species, except 
for coho and pink salmon at 14°C. Hatching and emergence time varied inversely with incubation temperature, but coho 
salmon hatched and emerged sooner at all temperatures than the other species. Coho and sockeye salmon alevins were larger at 
2"C, pink, chum, and chinook salmon alevins were larger at 5 and 8°C. Coho salmon fry were larger at 2"C, chinook and 
chum salmon fry were larger at 5"C, and sockeye and pink salmon fry were larger at 8°C. High incubation temperatures 
reduced fry size in all species. Each species of Pacific salmon appears to be adapted to different spawning times and tempera- 
tures, and thus indirectly to specific incubation temperatures, to ensure maximum survival and size and to maintain emergence 
at the most favorable time each year. 

MURRAY, C.  B., et MCPHAIL, J .  D. 1988. Effect of incubation temperature on the development of five species of Pacific 
salmon (Oncorhynchus) embryos and alevins. Can. J .  Zool. 66 : 266-273. 

La survie des embryons et des alevins, le temps necessaire l'eclosion et a l'emergence, ainsi que la taille des larves (alevins 
vesicules) et des alevins ont ete mesurCs chez cinq espkces de saumons du Pacifique (Oncorhynchus) gardCs a cinq tempkra- 
tures diffkrentes d'incubation (2, 5,  8, 1 1 et 14 "C). Aucun des embryons de Saumon rose (Oncorhynchus gorbuscha) ou de 
Saumon keta (0 .  keta) n'a survecu jusqu'a 1'6closion 2°C. A cette temperature, les embryons du Saumon argent6 (0. 
kisutch) et du Saumon nerka ( 0 .  nerka) avaient un meilleur taux de survie que ceux du Saumon chinook ( 0 .  tschawytscha). A 
14"C, les embryons des saumons keta, rose et chinook ont survecu mieux que ceux des saumons argent6 et nerka. Chez toutes 
les espkces, la mortalit6 embryonnaire Ctait maximale a des stades spkcifiques du dkveloppement (fin de l'kpibolie, pigmenta- 
tion de l'oeil et Cclosion). La survie des larves Ctait ClevCe chez toutes les espkces, sauf chez le Saumon argent6 et le Saumon 
rose a 14°C. Les temps nkcessaires pour atteindre 1'Cclosion et l'emergence etaient inversement proportionnels la tempera- 
ture d'incubation et ce sont les Saumons argent& qui sont parvenus le plus rapidement a 1'Cclosion et a l'kmergence, a toutes 
les temperatures. Les larves des saumons argent6 et nerka ont atteint leur taille maximale a 2"C, et celles des saumons keta, 
rose et chinook, 5 et 8°C. Les alevins du Saumon argent6 Ctaient plus grands a 2"C, ceux des saumons chinook et keta a 
5"C, ceux des saumons nerka et rose a 8°C. Les tempkratures ClevCes diminuaient la taille des alevins chez toutes les espkces. 
Chacune des espkces semble adaptke a des pkriodes particulikres de fraye et a des temperatures spkcifiques et, condquem- 
ment, a des temperatures dCterminCes d'incubation; cela leur assure une survie maximale et restreint 1'Cmergence a la periode 
la plus favorable chaque annee. 

[Traduit par la revue] 

Introduction 
Temperature is one of the primary physical factors influenc- 

ing the life history traits of Pacific salmon (Oncorhynchus) 
(Brett 1956, 1969; Smirnov 1975). It affects the time of migra- 
tion in adults and thus the time of spawning (Killick 1955; 
Andrew and Geen 1960; Burger et a l .  1985). In turn, the time 
of spawning influences the incubation temperature regime, and 
incubation temperatures influence survival rates (Brannon 
1965; Bams 1967, 1969; Fowler 1972), development rates 
(Embody 1934; Alderdice and Velsen 1978), and growth 
(Gray 1928; Hamor and Garside 1977; Heming 1982) of 
embryos and alevins. 

Temperature is clearly an important environmental factor for 
Pacific salmon, and its influence on survival, development 
time, and size of alevins and fry have been studied in indi- 
vidual species (Smirnov 1975; Heming 1982; Beacham and 

'Present address: Department of Zoology, 6270 University Boule- 
vard, 2204 Main Mall, University of British Columbia, Vancouver, 
B.C., Canada V6T 2A9. 

Murray 1986a,  1986b).  There are, however, no data that allow 
interspecific comparisons for all five North American species 
of Oncorhynchus reared under similar conditions over a wide 
temperature range. Our study provides such a data set by 
comparing embryo and alevin survival, development time to 
hatching and emergence, and alevin and fry size in five Oncor- 
hynchus species reared at a series of controlled temperatures. 

Material and methods 

Coho salmon (Oncorhynchus kisutch) were obtained from Rosewall 
Creek (49'27' N, 124'46' W) and held until mature at the Biological 
Sciences Branch, West Vancouver Laboratory. The eggs from a 
single female were fertilized at 9.0°C with milt from a single male. 
Chinook salmon (Oncorhynchus tshawytscha) eggs were taken from 
several Babine River (55 "2 1 ' N, 126'41 ' W) females and fertilized at 
14.0°C with milt from several males. Pink salmon (Oncorhynchus 
gorbuscha) eggs were collected from a single female from the Chilli- 
wack River (49'06' N, 12 1'29' W) and fertilized at 12 .O°C with milt 
from a single male. Sockeye salmon (Oncorhynchus nerka) and chum 
salmon (Oncorhynchus keta) eggs from single females were taken at 
Weaver Creek (49'20' N, 121 '53' W) and fertilized at 11 .O°C with 
milt from single males of each species. 
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All eggs were fertilized on site, water hardened for 1 h, and then 
transported to the laboratory in an insulated ice chest containing ice. 
Transit time was less than 12 h. In the laboratory, eggs were divided 
into five equal lots, adjusted to the appropriate incubation temperature 
over a 4-h period, and then reared at each of five controlled tempera- 
tures (2.0, 5.0, 8.0, 11.0, and 14.0°C). 

The incubation system consisted of a water-filled refrigeration unit 
operating at 1 .O°C and containing a coil that cooled dechlorinated 
water to 2.0°C. Initially, this system supplied chilled water to the 2,  
5,  and 8 "C baths, while the 1 1 and 14 "C baths received water directly 
from the main water supply. Temperature control was maintained by 
heating each temperature bath to the desired temperature. However, 
maintaining 2.0°C during a test period was difficult, so the 2°C bath 
was placed directly into the water-filled refrigeration unit. The incu- 
bation units in each temperature bath were 0.7-L wide-mouth jars 
with lift pipes embedded in 8.0 cm of peagravel and fitted with screen 
lids to retain the alevins after hatching and to exclude foreign 
material. Aerated water circulated from the temperature bath through 
each incubation unit at 29.9 f 0.85 Llh ( f 1 SD), equivalent to an 
apparent velocity of 534 cmlh. Oxygen levels were determined on a 
regular basis, and were always greater than 85 % air saturation. These 
conditions were well within the recommended ranges for the incuba- 
tion of salmon embryos and alevins (Bams and Simpson 1977). Water 
temperatures were recorded daily, and the mean temperatures 
throughout the study were 2.3 f 0.97, 5.1 f 0.78, 8.1 f 0.85, 
11.2 f 0.98, and 13.9 f 0.94"C (f 1 SD). All incubators were kept 
in darkness except for a brief examination period each day. 

The incubators were checked daily, and dead eggs were removed 
except during epiboly (Johnson et al. 1983) and preserved in 
Stockard's solution (Rugh 1952). Hatching was used to distinguish 
between embryos and alevins, and emergence was used to distinguish 
between alevins and fry (Velsen 1980). During hatching, alevins were 
removed and counted into a new incubation unit on a daily basis. The 
time of hatching was taken as the time when 50% of the eggs were 
hatched. Within 1 d of 50% hatching we removed, anesthetized, and 
preserved in 10% formalin a sample of 15 alevins, except for chinook 
salmon at 2"C, where survival was low and all the alevins were 
allowed to develop through to emergence. Emergence timing of the 
fry was investigated using fry emergence traps modified from Mason 
(1976). Each emergence trap received water from the appropriate 
temperature bath. At 75 % yolk absorption (stage 35, Vernier 1969), 
the alevins were transferred to the dark compartment of the emergence 
trap. An alevin emerged when it left the dark compartment by swim- 
ming under a baffle, crossed the adjacent light compartment (12 h 
light each day), and swam over a second baffle into the second light 
compartment. Newly emerged fry were photopositive and neutrally 
buoyant (Bams 1969). Each day the newly emerged fry were removed 
from the trap and counted. Within 1 d of 50% emergence a sample of 
15 fry was removed, anesthetized, and preserved in 10% formalin. 

The samples were preserved for at least 90 d to ensure that increases 
in weight (9 - 14 %) and decreases in length (3 - 5 %) had ceased 
(Murray 1980; Heming and Preston 1981). The samples were mea- 
sured to the nearest 0.  l mm with Vernier calipers. Alevin and fry 
length was measured from the tip of the snout to the end of the hypural 
plate, which corresponds to standard length in adults (Hubbs and 
Lagler 1958). Weights were taken by blotting the sample dry and 
weighing to the nearest 1 .O mg. All dead eggs were inspected to deter- 
mine which were fertilized, or to determine the stage of development 
(Vernier 1969) within a period of development (e.g., fertilization to 
epiboly) at which mortality had occurred. 

Survival was calculated as the percentage of fertilized eggs or 
alevins that survived from one development period to the next. 
Heterogeneity of embryo and alevin survival rates both among and 
within species and temperatures were compared using the likelihood 
ratio (G-test) (Sokal and Rohlf 198 1). An approximate F-ratio 
(G-statisticldegrees of freedom) was used to test the relative magni- 
tude of the sources of variation. The 50% hatching and emergence 
times were calculated using the method of Colby and Brooke (1969). 

Differences in alevin and fry standard length (SL) or wet weight 
(WWT) at 50% hatching and emergence among species and tempera- 

tures were analyzed using a random effects analysis of variance 
model : 

where Y = length, weight, or days to 50% hatching or 50% emer- 
gence; p = overall mean length, weight, or days to 50% hatching or 
50% emergence for all species and temperatures combined; Si = the 
effect of species (i = 1-5); ?;. = the effect of temperature ( j  = 
1 -5); ST,, = species -temperature interaction (i = 1 -5, j = 1 - 5); 
ejj, = error term for kth observation in subgroup ij. 

Time to 50% hatching or 50% emergence was examined with a 
similar model without the interaction term. The effect of temperature 
on variation in alevin and fry length or weight within a species was 
analyzed with a one-way analysis of variance model. The predicted 
means were tested with Duncan's multiple range test. 

Results 
Survival 

Coho and chinook salmon embryo survival from fertilization 
to hatching was high at 5, 8, and 11 OC but declined sharply at 
14 and 2°C (Table I). In coho salmon, embryo survival was 
higher at 2OC than at 14OC, but in chinook salmon, embryo 
survival was higher at 14OC than at 2OC. In both species, 
alevin survival from hatching to emergence was high, except 
for a decline in coho salmon alevin survival at 14OC. 

Embryo survival in sockeye salmon was highest at 8OC and 
declined towards both temperature extremes. This decline, 
however, was not uniform, and sockeye salmon embryo sur- 
vival was higher at 2 OC than at 14 "C. Alevin survival in sock- 
eye salmon was high at all temperatures, but again there was a 
slight tendency towards reduced alevin survival at both tem- 
perature extremes. 

Embryo survival was higher in chum salmon at 11 OC and 
higher in pink salmon at 8OC than at 5 or 11 OC. For both spe- 
cies, no embryos survived to hatch at 2OC. Pink and chum 
salmon alevin survival was high at all temperatures except 
14OC, where there was a slight decline in chum salmon and a 
sharp decline in pink salmon alevin survival. 

The patterns of embryo survival differed among the species 
and suggest specific temperature adaptations (Fig. 1). Coho 
salmon embryos suffered low mortality and sockeye and 
chinook salmon embryos higher mortality from fertilization to 
epiboly when incubated at 2OC. In contrast, pink and chum 
salmon embryos incubated at 2 OC suffered almost total mortal- 
ity during this period of development. This suggests an 
inability of pink and chum salmon embryos to tolerate low 
incubation temperatures immediately after fertilization. The 
mortality peaks from epiboly to eye pigmentation and eye pig- 
mentation to hatch in all species were associated with higher 
rearing temperatures. Mortality from eye pigmentation to 
hatch at 14OC was particularly high in chinook, coho, and 
chum salmon, and severe in sockeye salmon. 

We compared the variation in embryo and alevin survival 
among species with the variation among temperatures. 
Variability in survival of embryos and alevins among tempera- 
tures was greater than among species (Table 2). Variability in 
embryo survival within temperatures and among species was 
lowest at 8OC, and the variability in embryo survival increased 
towards 2 and 14°C. Embryos incubated at 8OC had higher 
survival for all species than those incubated at the other tem- 
peratures. The increase in variability of embryo survival at 2 
and 14°C was largely the result of complete mortality of pink 
and chum salmon embryos at 2OC and the reduced survival of 
chinook, coho, and sockeye salmon embryos at 14OC. Within 
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TABLE 1. Survival and development times for five species of Oncorhynchus incubated at controlled water temperatures 

Survival (%) Development time (d) 

Temperature Fertilization Hatch to Fertilization Fertilization Fertilization to 
( " c )  Nu to hatch emergence to emergence to 50% hatch 50% emergence 

Sockeye 

Coho 14.0 
11.0 
8.0 
5 .O 
2.0 

Chinook 14.0 
11.0 
8.0 
5.0 

2.0 
14.0 
11.0 
8.0 
5.0 
2.0 

Chum 14.0 
11.0 
8.0 
5.0 
2.0 

Pink 14.0 
11.0 
8.0 
5 .O 
2.0 

"Number of fertilized eggs. 

species among temperatures, pink and chum salmon had the 
greatest variability in embryo survival. Again, this was largely 
the result of the complete mortality of pink and chum salmon 
embryos at 2°C. High and low incubation temperatures had a 
greater effect on embryo survival than intermediate tem- 
peratures. 

Differences in alevin survival were less than those for 
embryo survival (Table 2). Variability in alevin survival within 
temperatures among species was greater at 14 than at 2°C. 
This was the result of higher mortality of alevins among spe- 
cies after hatching at 14 than at 2°C. Within species among 
temperatures, pink and chum salmon had the greatest and 
chinook salmon the least variability in alevin survival. Con- 
tinued mortality of pink and chum salmon alevins after hatch- 
ing at 11 and 14°C increased the variability in survival, 
whereas very few chinook salmon alevins died after hatching. 
High incubation temperatures reduced alevin survival com- 
pared with intermediate and low temperatures. 

Development time 
Days to 50% hatching and 50% emergence for all five 

species of Pacific salmon embryos and alevins varied inversely 
with mean incubation temperature (Table 1). All alevins and 
fry hatched or emerged at similar morphological stages of 
development. There were significant differences in the time 
from fertilization to 50% hatching among temperatures (F = 
41.01; df = 4,22; P < 0.01) and among species (F = 5.38; 
P < 0.01). Coho salmon eggs hatched sooner at all tempera- 
tures than the other species. Sockeye salmon eggs hatched later 
at 2, 5, and 8°C than the other species. Emergence timing of 
fry was dependent upon temperature (F = 96.99; P < 0.01) 
and species (F = 6.17; P < 0.01). Coho salmon alevins main- 

tained a rapid rate of development and coho fry emerged 
sooner at all temperatures than the other species. Pink salmon 
alevins required the longest time to reach 50 % emergence at 8, 
11, and 14"C, while chinook salmon alevins required the 
longest time to reach 50% emergence at 2 and 5°C. 

Alevin and fry size 
Alevin length and weight at hatching were variable among 

temperatures within a species (Table 3). Maximum alevin 
length occurred in coho (F = 254.06; df = 4,70; P < 0.01) 
and sockeye salmon (F = 108.62; P < 0.01) at 2 "C, in pink 
salmon (F = 42.50; df = 3,56; P < 0.01) at 5"C, and in 
chum (F = 72.33; P < 0.01) and chinook salmon (F = 26.40; 
P < 0.01) at 8°C. Alevins were heaviest in coho salmon (F = 
64.65; P < 0.01) at 2 and 8"C, sockeye salmon (F = 79.69; P 
< 0.01) at 5"C, and chinook salmon (F = 43.43; P < 0.01) 
at 5 and 8°C. The alevins of these species were lightest at 
14°C. Pink salmon alevins were of similar weights at 8, 11, 
and 14"C, but significantly lighter at 5°C (F = 5.77; P < 
0.01). Chum salmon alevins were of similar weights at all tem- 
peratures (F = 2.19; P > 0.05). 

As with alevin size, species may show different trends in fry 
size with respect to incubation temperature (Table 3). Maxi- 
mum fry length occurred in coho salmon (F = 140.32; df = 
4,70; P < 0.01) at 2"C, in chinook (F = 72.12; P < 0.01) 
and chum salmon (F = 42.15; df = 3,56; P < 0.01) at 5"C, 
and in sockeye (F = 49.52; df = 4,70; P < 0.01) and pink 
salmon (F = 38.16; df = 3,56; P < 0.01) at 8°C. In all spe- 
cies, minimum fry length occurred at 14°C. Coho (F = 
559.28; P < 0.01) and sockeye salmon (F = 244.05; P < 
0.01) fry were heaviest at 2°C and chinook (F = 187.80; P < 
0.01), chum (F = 1142.53; P < 0.01), and pink salmon (F = 
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COHO 
I _ - _  

" - ' 
0 . 8 0  / 3 . . . . . . . 

/ 

CHINOOK 
.... - 
, .... - 

C H U M  _ _ _ _ _ _ _ _  

0 . 0 0  1 I 1 I 1 I I 

0 2  4  6 8  1 0 1 2 1 4  

T E M P E R A T U R E  (OC) 

FIG. 1. Survival for five species of Oncorhynchus incubated at 
controlled water temperatures. Periods of development are (1) fertili- 
zation to epiboly, (2) epiboly to eye pigmentation, and (3) eye pig- 
mentation to hatch. The number of fertilized eggs for each species and 
temperature can be found in Table 1. 

172.18; P < 0.01) fry were heaviest at 5°C. Coho, sockeye, 
chum, and pink salmon fry were lightest at 14"C, while 
chinook salmon fry were lightest at 2°C. 

Discussion 
Two aspects of salmon reproduction fundamental to survival 

are incubation conditions (0,, water velocity, substrate, and 
density) and the size of fry at emergence (Bams 1972). Gener- 
ally, salmon are thought to migrate and spawn at a time of year 

that, under average conditions, provides an incubation envi- 
ronment suitable for successful embryonic development 
(Killich 1955; Andrew and Geen 1960; Foerster 1968). 
Salmon spawning times are at least partially dependent on 
water temperature (Sheridan 1962; Brannon 1984; Burger 
et al. 1985), and spawning will be interrupted if temperatures 
exceed a certain level (Smirnov 1975). The duration of the 
incubation period is controlled by temperature (Alderdice and 
Velsen 1978), and there is evidently strong selective pressure 
(Ricker 1972; Miller and Brannon 1982) to ensure that emer- 
gence occurs at the most favorable time each spring (Godin 
1982). Fry size at emergence is also affected by incubation 
temperature (Gray 1928; Peterson et al. 1977; Heming 1982), 
and in turn fry size influences swimming performance (Bams 
1967), vulnerability to predators (Mead and Woodall 1968), 
and growth (Fowler 1972), and thus the probability of 
survival. 

Many investigators have studied the high and low threshold 
temperatures for the normal development of Pacific salmon 
embryos and alevins. Incubation of coho salmon embryos at 
ambient temperatures above 12 "C increased mortality 
(Shapovalov and Berrian 1940; Shaw and Magh 1943; Allen 
1957). In our study, coho salmon embryos suffered increased 
mortality above 11 "C. Chinook salmon embryos reared at 1.1 
and 1.7"C or above 15°C did not survive (Combs and Burrows 
1957; Heming 1982; Garling and Masterson 1985). Our results 
are consistent; we found poor survival at 2°C and only moder- 
ate survival at 14°C. Incubation of sockeye salmon embryos at 
ambient temperatures with initial incubation between 5.1 and 
15.6"C (Andrew and Geen 1960; Mead and Woodall 1968; 
Withler and Morley 1970) and at constant temperatures 
between 4.4 and 12.8"C resulted in high survival, but below 
4.4"C survival was low (Combs 1965). Combs concluded that 
sockeye salmon embryos were apparently more tolerant of low 
temperatures and less resistant to high temperatures than 
chinook salmon embryos. We also observed similar results to 
those of Combs (1965) for sockeye and chinook salmon 
embryos. Pink salmon embryos initially incubated below 
4.5"C had high mortality, with no survival at 2.0°C (Bailey 
and Evans 1971). Kwain (1982) found that survival to hatching 
for freshwater pink salmon embryos from the Great Lakes 
varied from 13 to 27 % , and that 15 "C was near the upper limit 
for successful incubation. Beacham and Murray (1 986a, 
1986b) reported that pink and chum salmon survival rates were 
higher at 8°C than at 4 or 12 "C, and that survival rates among 
stocks and families of pink and chum salmon surveyed could 
be extremely variable (14 - loo%), particularly at 4°C. We 
observed complete mortality of pink and chum salmon 
embryos at 2"C, and higher survival in chum salmon than in 
pink salmon at 14°C. 

Our survival results are similar, in general, to those of other 
researchers, except that our sockeye salmon data show only 
moderate survivals at 8"C, and our chum salmon data show 
only moderate survivals at temperatures from 5 to 14"C, and 
survivals at 8°C were lower than expected when compared 
with those of the other species at 8°C. We attribute this 
reduced survival in both species to the use of single families 
and the possibility of extreme variability in survival among 
families (Kanis et al. 1976; Beacham and Murray 1986a, 
1986b), rather than to other incubation factors (O,, velocity, 
substrate, light) that were common to all the species. 

We conclude from our results and those of other researchers 
that except for coho salmon, 2°C is clearly at, or close to, the 
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TABLE 2. Likelihood ratio (G-test) of heterogeneity of survival of embryos from fertili- 
zation to hatch and of alevins from hatch to emergence for five species of Pacific salmon 

in British Columbia 

Fertilization to hatch Hatch to emergence 

Standardized Standardized 
d f G statistic G statistic 

Among species 
Among temperatures 
Within temperatures, 

among species 
14.0°C 
11 .O0C 
8.0°C 
5.0°C 
2.O0C 

Within species, 
among temperatures 

Coho 
Chinook 
Sockeye 
Chum 
Pink 

Total 

NOTE: All cases P < 0.05. 

lower limit for normal development. Likewise, 14°C is at, or 
near, the upper limit for normal development of all the species 
except chum salmon. 

Data on hatching times for individual species of Pacific 
salmon are available from many sources, covering wide geo- 
graphic areas, incorporating many stocks, and including both 
ambient and controlled temperature regimes (Foerster 1968; 
Smirnov 1975; Alderdice and Velsen 1978; Murray 1980; 
Heming 1982; Kwain 1982; Beacham and Murray 1985, 
1986a, 1986b). However, comparisons of these hatching times 
with our data indicate that hatching times within a species can 
be very similar. The greatest differences in development time 
to hatching occur at lower incubation temperatures and 
between ambient and controlled temperature regimes. Alder- 
dice and Velsen (1978) concluded that early imposition of low, 
constant incubation temperatures slowed the development rate 
of chinook salmon below the rates occurring at ambient tem- 
peratures with the same mean values. Beacham and Murray 
(1986a, 1986b) found very little variation within species' 
hatching times at the same incubation temperatures for 32 
families from seven stocks of chum salmon and for 27 families 
from five stocks of pink salmon. These results suggest that at 
any given temperature, hatching times can be highly conserva- 
tive within a species. 

There are only a few published studies that compare the rate 
of development to hatching for different species of Pacific 
salmon incubated under similar conditions. Ievleva (1951) 
concluded that the development time to hatching increased 
progressively in coho, chum, pink, and sockeye salmon. 
Withler and Morley (1970) also found the same order of hatch- 
ing for chum, pink, and sockeye salmon. Smirnov (1975) 
reports that the order of hatching was coho, chum, chinook, 
pink, and sockeye salmon. Our data indicate a similar pattern 
for development time to hatching. Coho salmon have the 
fastest and sockeye salmon the slowest development time to 
hatching. 

Comparisons of emergence times can be very difficult 
because the time required for alevins to reach maximum alevin 
weight and to emerge can be affected by initial egg weight 
(Smith 1958; Beacham et al. 1985; Rombough 1985). Differ- 
ences in egg size may explain why development times from 
fertilization to emergence for chinook salmon in our study 
were slower than those reported for Campbell River chinook 
salmon (Heming 1982) and faster than those reported for Big 
Qualicum River chinook salmon (Rombough 1985). Beacham 
and Murray (1985) also found that egg size had a considerable 
effect on the emergence time of chum salmon fry. The period 
of incubation from fertilization to emergence was longer for 
alevins from larger eggs than for alevins from smaller eggs, 
because there was more yolk to be absorbed at the same incu- 
bation temperature. They concluded that variations in egg size 
and spawning time within a species appear to be a mechanism 
by which fry emergence timing is regulated, as later-spawning 
chum salmon tend to have smaller eggs than those spawning 
earlier. 

There are no published studies that compare development 
time to emergence for the different species of Pacific salmon 
incubated under similar conditions. Our data indicate that coho 
salmon maintain a rapid rate of development, and emerge 
sooner at all temperatures than the other species. Coho salmon 
also spawn later and at lower temperatures than the other 
species, and this suggests that the rapid rate of development in 
coho salmon is a mechanism for maintaining fry emergence 
timing similar to that of the other species in the spring (Lister 
and Genoe 1970; Smirnov 1975;. Murray 1980). 

Incubation temperatures affect the size of both alevins and 
fry (Beacham and Murray 1985). Low incubation temperatures 
produce larger alevins and fry than higher incubation tempera- 
tures (Gray 1928; Timoshina 1972; Hamor and Garside 1977; 
Peterson et al. 1977). Our study clearly illustrates that species 
may show different trends in alevin and fry size with respect to 
incubation temperature. Coho and sockeye salmon alevins 
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TABLE 3. The effect of temperature on standard length and wet weight for five species of Pacific salmon 
at 50% alevin hatching and 50% fry emergence 

(A) Alevins 

Temperature 
("c)  Coho Chinook Sockeye Chum Pink 

14.0 
SL 
WWT 

11.0 
SL 
WWT 

8.0 
SL 
WWT 

5.0 
SL 
WWT 

2 .o 
SL 
WWT 

(B) Fry 

Temperature 
("c)  Coho Chinook Sockeye Chum Pink 

14.0 
SL 
WWT 

11.0 
SL 
WWT 

8.0 
SL 
WWT 

5 .O 
SL 
WWT 

2.0 
SL 
WWT 

NOTE: N = 15 for alevins and fry; 95% confidence limits are in parentheses. SL, standard length (mm); WWT, wet weight (mg). 
*No sample taken. 
t N o  survival. 

were larger at 2OC, pink, and chum and chinook salmon 
alevins were larger at 5 and 8°C. The smallest alevins for all 
species were produced at 14OC. The pattern of fry size at emer- 
gence differed from that of alevin size at hatching. Coho 
salmon fry were still larger at 2OC, but chinook and chum 
salmon fry were now larger at 5OC and sockeye and pink 
salmon fry were larger at 8OC. As with alevins, high incuba- 
tion temperdtures reduced fry size in all species. Maximum 
conversion efficiencies of yolk to body tissue for chinook 
salmon have been reported at 6OC or below (Heming 1982; 
Rombough 1985). Beacham and Murray (1985, 1986a) con- 
cluded that the maximum efficiency of conversion for several 
chum salmon stocks was probably between 6 and 10°C, with 
certain chum salmon families among stocks having maximum 
conversions at 4OC. Vancouver Island pink salmon obtained 
maximum conversion at 12OC, whereas Fraser River pink 
salmon obtained maximum conversion at 8OC (Beacham and 
Murray 1986b). We suggest that maximum conversion of yolk 
to tissue is probably near 2 OC for coho salmon, between 2 and 

5°C for sockeye salmon, and between 5 and 8°C for the other 
species. 

Our study clearly illustrates that there is significant variation 
among species in embryo and alevin survival, development 
time, and alevin and fry size. These results suggest that each 
species is adapted to different spawning times and tempera- 
tures, and thus indirectly adapted to specific incubation tem- 
peratures, to ensure maximum survival and size and to 
maintain emergence at the most favorable time each year. 
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