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Abstract

Adaptive differences among three geographically separate populations of coho 

salmon ( Oncorhynchuskisutch) were investigated by forming first generation

intercrosses (hybrid lines) and comparing them to parental types (control lines). Survival, 

development time, size at ponding, and first year growth were measured as indicators of 

locally adapted fitness traits. Significant differences (p < 0.05) were found between mid

hatching times for control and hybrid groups. Effects of intercrossing on development 

time are consistent with additive genetic variation, indicating that important genetic 

divergence exists between the populations. Growth studies were broken down into four 

different experiments; a ‘common garden’ experiment, containing all possible controls 

and reciprocal crosses between pairs of populations, and three ‘hybrid’ experiments 

which contained one of the three control lines and all reciprocal crosses associated with 

the control. Effects of intercrossing on growth were more apparent in the hybrid 

experiments where there were fewer interactions between different lines.
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Introduction

Genetic diversity, affected within a population by migration (gene flow), 

mutation, random genetic drift, recombination, and selection, increases a population’s 

ability to adapt to environmental variation from generation to generation (Taylor 1991). 

Depending on several factors, including where the offspring find themselves as well as 

the degree of divergence between populations and the ‘fitness’ traits evaluated, a loss of 

locally adapted fitness can occur when populations interbreed. Loss of local adaptation, 

or a decrease in fitness, due to the introduction of genes from a non-local source is known 

as outbreeding depression (Shields 1982, Templeton 1986).

Loss of fitness through outbreeding depression is a threat to wild salmon 

populations that have the potential to interbreed with artificially cultured salmon (e.g. 

Hindar et al. 1991, Waples 1992, Gharrett & Smoker 1993, Campton 1995). There are 

two mechanisms by which cultured salmon would be different enough genetically from 

wild salmon that outbreeding depression might occur. The first would occur if the 

hatchery broodstock were transferred into an area where wild salmon are adapted to 

different local conditions than are the broodstock’s source population. The second would 

occur if cultured salmon (whether locally derived or not) were influenced by founder 

effect or domestication. Either mechanism can threaten wild populations through either 

ecological or genetic mechanisms of outbreeding depression (Campbell & Waser 1986, 

Lynch 1991) if hatchery and wild fish hybridize in the wild. Changes due to 

domestication have been noted in spawning behavior (Fleming & Gross 1992, Berejikian 

et al. 1997), growth (Hershberger et al. 1990), body shape (Taylor 1986, Fleming &
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Jonsson 1994, Hard et al. 2000), life history traits (Hjort & Schreck 1982), and genetic 

variation (Flagg et al. 1995, Withler 1998).

The U.S. Endangered Species Act (ESA) stresses the importance of preserving 

natural populations within their ecosystems. Protection under the ESA for salmonids is 

extended to evolutionarily significant units (ESU) which are defined by two criteria: they 

must be substantially reproductively isolated from other conspecific units and they must 

represent an important component of the evolutionary legacy of the species (Waples

1991). Criteria for evaluating the status of salmonid populations include abundance, 

population growth rate, population spatial structure, and diversity (McElhany et al. 2000). 

Understanding the mechanisms that jeopardize the welfare of wild fish, such as 

outbreeding depression, is important for the maintenance of natural populations in the 

future.

Two mechanisms of outbreeding depression have been proposed, one ‘ecological’ 

and the other ‘genetic’ (Campbell & Waser 1986, Lynch 1991). The ‘ecological’ 

mechanism, while genetic in theory, requires that a trait be heritable and deals with the 

loss of local adaptation through the dilution of locally adapted alleles (Shields 1982, 

Gharrett et al. 1999). This mechanism occurs in the absence of epistasis and requires 

only an additive genetic effect. Populations produced in different habitats have adapted 

under different selective pressures. Hybrids between these populations are maladapted 

for either source environment (Emlen 1991, Campton 1995) and a loss of fitness should 

be noticeable in the Fi generation. The second mechanism involves the breakdown of co

adapted gene complexes (Dobzhansky 1948). Co-adaptation occurs when genes at 

different loci interact favorably, improving the overall fitness of an individual (Waples
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1992). When assortment and recombination occur in the F2 generation, these co-adapted 

gene complexes break down resulting in a loss of fitness (Emlen 1991, Waples 1992, 

Gharrett & Smoker 1993). A reduction in fitness due to epistasis (gene-gene interactions) 

is the ‘genetic’ mechanism of outbreeding depression (Lynch 1991).

In salmon, recent work on outbreeding depression examines the effects of 

hybridization in pink salmon, Oncorhynchus gorbuscha. Hybrids were produced 

between odd- and even-broodlines and geographically separate (SE Alaska and Kodiak) 

populations (Gharrett & Smoker 1991, Gharrett et al. 1999, Gilk et al. (in preparation), 

Wang et al. (in preparation)). Outbreeding depression caused a reduction in F2 hybrid 

survival compared to control groups when either even- and odd-year broodlines or 

geographically distant (Pillar Creek, Kodiak -  Auke Creek, Juneau) broodlines were 

crossed.

Geographic distance was the basis for fitness differences in studies conducted 

with largemouth bass in the eastern US. In a study by Philipp and Claussen (1995), two 

populations of largemouth bass, one from northern Illinois (NILMB) and another from 

southern Illinois (SILMB), were used to illustrate maximum fitness of locally adapted 

populations. Populations were grown in experimental ponds in northern, central, and 

southern Illinois. Fitness of the populations, based on reproductive success, showed that 

the NILMB were more successful in the north and the SILMB were more successful in 

the south, with no consistent differences found in the central ponds. Earlier studies by 

Philipp and Whitt (1991) showed evidence of outbreeding depression through loss of 

local adaptation in hybrids between northern largemouth bass and Florida largemouth 

bass subspecies.
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Outbreeding depression has also been observed in populations of pond and tide 

pool dwelling invertebrates (Brown 1991, De Meester 1993, Burton 1987, Edmands 

1999), insects (Alstad & Edmunds 1982, Hard et al. 1993), and plants (Price & Waser 

1979, Ruckelshaus 1995, Fischer & Matthies 1997). For the perennial Delphinium 

nelsoni, intensely inbred and highly outcrossed plants showed low seed production, 

suggesting an optimal distance for outcrossing (Price & Waser 1979). In the pond 

dwelling zooplankton Daphnia, hatching rates of eggs created by interpopulation crosses 

were significantly lower than those created by crosses of individuals from the same 

population (De Meester 1993). Similar results were found in populations of harpacticoid 

copepods from supralittoral tidepools. A study by Brown (1991) found low offspring 

production in crosses between non-poolmates and higher production in non-sibling 

poolmate crosses.

A decline in survival due to hybridization has serious consequences for wild 

salmon populations, especially in areas where habitat degradation and over-fishing 

contribute to population reductions. Hybridization also erodes the genetic integrity of 

wild populations. In the lower Columbia River (LCR), hatchery-based coho have been 

established from combinations of Columbia River, coastal, and Puget Sound populations. 

The propagation and consequent domestication of non-indigenous populations in the 

LCR have changed the LCR coho runs to a genetic mixture of native and hatchery 

populations (Flagg et al. 1995). As a result, data concerning the LCR wild populations is 

insufficient for classification as an evolutionarily significant unit (ESU) that warrants 

listing under the Endangered Species Act. Whether the purpose of hatchery 

supplementation is to enhance harvest for commercial and sport fisheries or to improve
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the viability of natural populations, research and experience show us that care should be 

taken to protect the diversity of wild populations.

Disease resistance, spawning behavior, and body morphology are some of the 

fitness-related characteristics that have been studied in coho salmon. Winter et al. (1979) 

determined that there is a genetic basis for differences in bacterial kidney disease (BKD) 

among coho salmon populations. Hemmingsen et al. (1986) outcrossed coho salmon 

from three Oregon populations in all possible combinations (nine lines) and exposed 

progeny to infection by the mortality causing parasite Ceratomyxa shasta. Crossbred 

coho showed intermediate levels of susceptibility compared to parental populations.

Other studies involving coho salmon focus on the differences between hatchery- 

reared and wild coho. In naturally spawning populations, body size of adults, spawning 

behavior, and spawning time can influence which individuals procreate. Larger, more 

aggressive fish tend to be dominant (Shapovalov & Taft 1954, Reisenbichler 1997). 

Because offspring of hatchery male coho may be less aggressive, may exhibit fewer 

spawning behaviors, and may not be as competitive during spawning against wild males 

of similar size (Fleming & Gross 1992, Berejikian et al. 1997), they may be less 

successful.

Hatchery rearing practices can also result in morphological changes; wild salmon 

populations are more variable morphologically (Taylor 1986). In studies conducted over 

successive years and on laboratory reared eggs, heritable morphological differences were 

found between coastal and interior coho (Taylor & McPhail 1985). Coho from interior 

populations were found to have shallower bodies and smaller median fins than coastal 

fish.
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Clearly there are many adaptive differences that exist between coho reared under 

different selective pressures. Maintaining diversity within and among populations allows 

the flexibility necessary to adapt to natural selective forces. The purpose of my study is 

to observe which, if any, of these adaptive differences in the populations are the results of 

genetic differentiation.

This thesis is part of a larger study investigating the genetic mechanisms of 

outbreeding depression in Pacific salmon in which fitness traits of second-generation 

outbred coho salmon are being observed. Alaskan coho salmon were chosen for this 

study due to their high rates of smolt-to-adult survival and lack of complex age structure. 

Observations reported here are from Fi hybrids of the 1998 broodyear (gametes collected 

in 1998) of the study. When grown in a common environment, examination of Fj hybrids 

and controls may allow detection of outbreeding depression through loss of local 

adaptation if present. First-generation progeny receive a complete genetic complement 

from each parent, which limits ability to characterize in these fish all the genetic 

interactions that can occur between distinct genomes on interbreeding. However, this 

study evaluates some immediate consequences of interbreeding, which might include 

some strong genetic interactions between these genomes but is unlikely to detect them all. 

It therefore focuses on evidence for genetic divergence of early life history between 

populations.

In anadromous salmon populations straying is natural and results in gene flow 

between populations (Quinn 1993, Gharrett 1994). In cases of inbred populations, a 

certain level of outbreeding can be beneficial and improve fitness by increasing the 

number of heterozygotes in a population (Price & Waser 1979, Emlen 1991, Fischer and
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Matthies 1997). However, at some threshold level or geographic distance, genetic 

differences between populations become so extensive that interbreeding becomes 

deleterious (Shields 1982). Differences between populations tend to increase with 

distance because of reduced gene flow and environmental divergence (Emlen 1991). 

Selection pressures from different environments and random genetic drift within 

geographically separated populations could cause the coho populations in this study to be 

differently adapted. This thesis compares three populations of coho salmon ( kisutch) 

from Southeast Alaska and their crossbred Fi progeny in terms of four adaptive traits: 

survival to eyed egg, development time to midhatch, survival after ponding, and body 

size/growth. The objective of this study is to determine what the effects of intercrossing 

are on these adaptive traits. The null hypothesis for this experiment is that there are no 

differences between control and intercrossed hybrid lines in terms of survival, 

development time, or growth. Alternatively, decreased survival in hybrid lines and 

changes in development time or growth are possible responses in fitness traits that can be 

an expression of outbreeding depression.
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Materials and Methods

General

Three geographically separate populations of O. kisutch were chosen from 

Southeast Alaska for experimental intercrossing (Figure 1). The northernmost population 

came from the Gastineau Hatchery (now named Macaulay Hatchery) (G) in Juneau. This 

population was established at Gastineau in 1986, and originated from Montana Creek in 

the Mendenhall River watershed. The second population was sampled from the Hidden 

Falls Hatchery (H) on Baranof Island. The original broodstock for their coho program 

derived from farther south on Baranof Island at Sashin Creek near Little Port Walter and 

was established at Hidden Falls in 1992. The southernmost population was the Neets 

Bay Hatchery (N) north of Ketchikan and was established in 1980. The original 

broodstock came from Indian Creek, a tributary of the Chickamin River northeast of 

Ketchikan in Misty Fjords National Monument.

The three populations used in this experiment derive from geographically isolated 

wild populations spawning in different kinds of habitats, and have been under culture for 

five to seven generations. Indian Creek in the south enters the Chickamin River about 32 

km from the ocean at an elevation of roughly 600 m and is fed from mountain streams. 

Montana Creek in the Mendenhall watershed is a low elevation system fed from 

mountain streams. Sashin Creek drains Sashin Lake and salmon have access to 1,100 m 

of spawning ground on the low-gradient three-kilometer creek. Adult coho salmon return 

to Sashin Creek starting in early August and spawn from early October to mid November. 

Smolt generally emigrate to the ocean after one year in freshwater starting in late May or 

early June (Crone and Bond 1976). Detailed studies on the timing of life history events
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Figure 1. Map of Southeast Alaska showing locations of hatchery and broodstock sites. 

Hatchery sites shown as triangles, source of broodstock shown as circles.



are lacking for both the Indian River and Montana Creek populations. All three 

populations spawn in late fall, which allowed for the simultaneous collection of gametes 

from hatchery broodstocks derived from them. Conditions such as water temperature, 

stream flow, distance to spawning areas, and the isolation of these three locations, 

although modulated by domestication in similar hatchery systems for a few generations, 

provide an opportunity for these three populations to be very different genetically and 

phenotypically.

Gamete collection and hatch studies

Gametes were collected on 10 November 1998, from fifty pairs of male and 

female coho sampled at random from mature adults available at each of the three 

hatcheries. Samples for BKD (bacterial kidney disease) detection and tissue samples for 

genetic analysis were taken along with gametes. Individual fish were identified with 

plastic jaw tags and carcasses were boxed and frozen for future meristic analysis. Eggs 

(with ovarian fluid) and semen were extruded into separate plastic Ziplock® bags labeled 

with the adult tag number and placed on ice for shipping. Fertilization took place at the 

Gastineau Hatchery on the evening of November 10.

Approximately 500 eggs (150 ml) were used for each mating. Eggs from each 

female were drained of ovarian fluid and weighed to nearest centigram for an estimate of 

total ovary weight, then partitioned into three plastic bowls and fertilized with semen 

from a single male from each population (Table 1). Gametes were then activated with 

water and placed into modified F.A.L. HeathTecna™ incubator trays. Plastic dividers 

separated each tray into 12 cells, which allowed the tracking of development and
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mortality in individual families. This procedure was repeated until the eggs from all 150 

females were fertilized for a total of 450 families (50 families in each of the nine lines). 

Eggs were then left undisturbed in incubators until eyed. Remaining eggs, not used in the 

experiment, were stored on ice and individual egg weights were recorded the following 

day for all females (minimum 5 eggs per female).

In March of 1999, counts were made of all remaining live and dead eggs. Live 

eggs from each family (min. 100, max. 200) were then transferred to 10 cm diameter 

plastic containers and randomly placed into one of three vertical incubator stacks to 

randomize possible incubation effects. Plastic containers were fitted with lids and 

modified with top and bottom screens to allow the flow of water.

Hatching was observed from late March until early May. Daily observations were 

made of each family, and the dates of the beginning of hatching, mid-hatch, and complete 

hatching were recorded. Incubators were monitored four times each week post-hatch to 

ensure adequate water flow until transfer to rearing tanks and first feeding. Alevins were 

ready for ponding beginning in June.

11
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Table 1. Experimental design used for intercrossing three populations of Southeast 

Alaska coho salmon (maternal population x paternal population). Control groups (on 

diagonal) are crosses of parents from the same population, and reciprocal intercrosses 

(off diagonal) represent each hybrid line.

Maternal Population 

Paternal Population Gastineau Hidden Falls Neets Bay

Gastineau 

Hidden Falls 

Neets Bay

GxG

GxH

GxN

HxG

HxH

H xN

NxG

NxH

N xN



Growth studies

Readiness for ponding was assessed by measuring the percent yolk in the fry. At 

about five percent yolk, the abdominal cavity almost fully encloses the yolk sac and the 

fry are robust and can tolerate handling. First feeding should occur before all the yolk is 

absorbed to prevent starvation (Piper et al. 1982). Fry were ponded beginning on June 

17th, 1999, starting with the families that were the earliest to complete hatching and were 

at approximately five- percent yolk. Fish were fin clipped (Appendix I) and assigned to 

one of 24 circular ponding tanks for growth studies.

Tanks were illuminated with individual 15W incandescent light bulbs regulated 

by timers set at ambient day length (decreasing day length in the fall and increasing day 

length in the spring). Each tank held 114 liters of water and flows into the tanks were set 

at 19 1/min. Periodic adjustments of water flow and day length were made throughout the 

experiment as needed. The tanks were organized on one of three benches, each bench 

having its own water line from a common source supplied from the Gastineau Hatchery 

culture water. Randomization of the treatments over all the bench groups helped to 

randomize effects of position in the room, or plumbing problems if they were to arise.

Growth studies were broken down into four separate experiments each replicated 

in six tanks. The first experiment was a ‘common garden’ and contained fish from all 

nine lines. The other three ‘hybridization’ experiments contained fish from one of the 

control lines and fish from each intercross treatment line (that had at least one parent of 

the same control line), for a total of four groups in each tank. Thirty-two families from 

each of the nine lines were used in the growth experiments and families were split into 

one of two groups, each group marked by a unique combination of fin clips (Appendix I).
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Two fish per family were used in the common garden experiment, and three fish per 

family were used in the hybridization experiments, a total initial density of 576 fish/tank. 

Weight and length measurements were taken on a sample of five fry from each family at 

the time of ponding. Fish were anesthetized with MS 222® (Tricaine methanesulfonate) 

and lengths were recorded in mm from the end of the snout to the tip of the caudal fin. 

Wet weights were recorded to the nearest centigram by placing the fish in a container of 

water (which had been tared on an electronic balance), recording the weight, and then re

taring the balance before each subsequent fish was added.

Fish were fed a diet of Moore Clark® Nutra feed twice a day according to the 

manufacturers recommendations, taking into account fish size and water temperature. 

Size measurements were made on a random sample of >300 fish from each tank in 

November 1999, March 2000, and June 2000. During the March sampling, tanks were 

culled to 100 fish by randomly sampling the remaining fish from each tank, maintaining 

an equal number of fish per treatment line.

Statistical analysis

An analysis of covariance (ANCOVA) was performed using the SAS General 

Linear Model (GLM) procedure on egg weight with population as a fixed effect and 

female length as a covariate. No significant interaction was found between population 

and female length (p > 0.05), therefore a model without interaction was used:

Yj(j) = p + Pxi(j) + population

14



Where Yi<j) is the average egg weight of female i in population j, p is the mean, and pXj(j) 

is the slope of the regression.

Analysis of variance (ANOVA) was performed using GLM procedure on the 

hatching, survival, and size data. Robustness of the analysis was tested by performing 

ANOVA on several transformations of the data all analyses produced similar results. 

Survival data for each family was transformed before it was used in the analysis using an 

empirical logit model (Agresti 1991):

Logit = Ln((De + 0.5)/(Te -  De + 0.5))

Where De is the number of dead eggs and Te is the total number of eggs (alive + dead). 

Approximate F-tests were constructed to test the significance of effects from the TEST 

option in the RANDOM statement of SAS. Maternal population and paternal population 

effects were analyzed with the model:

YijW = p + Mi + D(M)jj + Pk + S(P)k/+ (M*P)jk + eijk/

Where Yljk(, is egg survival, days to midhatch, or length; p is the population mean; M is 

the fixed effect of maternal population (i = 1,3); P is the fixed effect of paternal 

population (k =1,3); D is the random effect of female parent, or dam (j = 1,50) within 

maternal population; S is the random effect of male parent, or sire ( /=  1,50) within 

paternal population k; and ep/ is the error. Since sire and dam effects are based on half 

sibling comparisons and there were no replicates of different sires across dams within 

population, there are inherent sire (paternal population) and dam (maternal population) 

interactions included in those terms.
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In the growth phase of the study, family identification could not be maintained 

and fish were identified at ponding as line groups. Results from the growth studies were 

analyzed by the model:

Y p -  p + Li + Tj + C(L)ik + ejjk

Where Yijk is the length or fry survival; p is the population mean; L, is the line (i = 1,9); 

Tj is the tank (j = 1,6); and C(L)ik is the clip effect (k = 1,2) on line i. Tank and clip 

within line effect were considered random effects; line was analyzed as a fixed effect. 

Pair-wise comparisons of the experimental lines with corrections for multiple tests were 

conducted using Tukey’s test statistic with the PDIFF option under LSMEANS (least 

squares means) in the GLM procedure in SAS.
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Results

Body size, egg size, and ovary size

Females originating from the Gastineau and Hidden Falls hatcheries were shorter 

than females from Neets Bay. Gastineau females produced the smallest eggs of all three 

populations (Table 2). Ovary weights differed among all three populations, with the 

Neets Bay females having the heaviest ovaries, followed by the Hidden Falls and 

Gastineau females, respectively. Female length is positively correlated to egg and ovary 

weight for all three populations (Appendix II). Analysis of covariance showed that egg 

weight is significantly affected by both female population 7.67, df = 2 0.05) and

female length (F=  17.17, df = \ ,p  <0.05).

Survival to eyed egg

Gastineau and Neets Bay control lines had higher survival rates than their hybrids. 

The Hidden Falls control line had the lowest survival, followed by intercrossed hybrid 

lines sired by Hidden Falls males (Table 3). An analysis of variance on egg survival 

showed significant differences due to maternal population (M) effects = 4.41, p  < 

0.05) and paternal population effects (F^ioi = 11.07, p  < 0.05), which accounted for 

2.38% and 6.94% of the total variation, respectively. Dam within maternal population 

explained 49.77% of the variation (F95; 177 = 3.09, p  < 0.05), and 21.7% was attributed to 

sire within paternal population (F9i,\n = 2.09, p  < 0.05). There were no significant

interaction effects detected between the maternal and paternal populations.
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Table 2. Mideye -  hypural length, average egg weight, and ovary weight of females 

from three different populations in Southeast Alaska. N  is the number of females or eggs 

samples; standard deviations are in parentheses; p  < 0.05 for different labels denoting 

pairwise comparisons for which the null hypothesis of no difference could not be 

rejected. Length data are missing for several of the Neets Bay females.

Population N

Length

(mm) P N

Egg weight 

(eg) P N

Ovary weight

(eg) P
Gastineau 50 537.70 (25.45) a 685 15.58(1.68) a 50 5971.14(1625.36) a

Hidden Falls 48 545.48 (30.32) a 638 17.24 (2.24) b 50 7120.40(1820.23) b

Neets Bay 29 583.17(29.94) b 620 17.75(1.91) b 50 8267.98 (1340.69) c

Table 3. Average egg survival to eyeing for the nine lines. Standard deviations are in 

parentheses and p  < 0.05 for different labels denoting pairwise comparisons for which the 

null hypothesis of no difference could not be rejected.

G

Survival rate

Maternal population 
H

p Survival rate P

N

Survival rate P
Paternal population

G 0.927 (0.057) a 0.895 (0.137) a 0.919(0.098) a

H 0.817(0.168) b 0.788 (0.236) b 0.872 (0.176) a

N 0.897 (0.098) a 0.901 (0.120) b 0.923 (0.135) a



Development Time

The Neets Bay control line (NxN) was the first to reach midhatch, followed in 

order by: NxG, NxH, GxN, HxN, GxG, HxG, GxH, and HxH (Figure 2). Mean time to 

midhatch was significantly different (p < 0.05) for the three control groups. Time to 

midhatch also differed significantly (p < 0.05) between control and associated hybrid 

lines with the exception of: NxN vs. NxG and GxG vs. HxG.

The rank order of midhatch was the same (Neets Bay first, Gastineau second, and 

Hidden Falls third) for male and female parents in all lines (Table 4). In the ANOVA on 

development time, maternal effect (M) (F2,m  = 153.39, p < 0.05) and paternal effect (P) 

(F2,i25 -  101.16,/? < 0.05) were highly significant and explained 44.9% and 19.9% of the 

total variation, respectively. Also significant was the dam within maternal population 

effect (M(P)) (i79i)u 9 = 1.72,/? < 0.05) which accounted for 18% of the total variation. 

There were no significant sire within paternal population or interaction between maternal 

and paternal population effects (Appendix III).

Fry length

Fry length at ponding was significantly affected by maternal population (^2,93 = 

18.81, p  < 0.05) and by dam within maternal population (F9i,i46o = 36.05, p < 0.05), 

which reduced the total sum of squares by 16.3% and 57% respectively. A significant 

effect of sire within paternal population was also detected (/r93,i460 = 2.90, p  < 0.05), as 

was an interaction between maternal and paternal populations (Fit, 14^0 = 4.59, p  < 0.05), 

which accounted for 5.9% and 0.4% respectively of the total variation. Lines produced
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Days to midhatch

Figure 2. Development time. Cumulative percentage of families in parental and 

intercrossed lines to reach midhatch (50% hatch within families). Parental control groups 

are shown as solid lines (Maternal x Paternal): NxN, GxG, HxH. Hybrid lines are shown 

with broken lines and the same pattern is used for reciprocal lines: NxG, GxN; NxH, 

HxN; HxG, GxH.
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Table 4. Development time, measured in mean days from fertilization to midhatch (50% 

of families) for eggs from all lines. Ranked in order by hatching time (first to last) within 

groups involving (A) female parents of the same population, and (B) male parents from 

the same population. Crosses shown as maternal population x paternal population.

A (Female parents) B (Male parents)
Rank Cross Mean Days Rank Cross Mean Days

1 NxN 150 1 NxN 150
2 NxG 151 2 GxN 157*
3 NxH 155* 3 HxN 158*

1 GxN 157* 1 NxG 151*
2 GxG 160 2 GxG 160
3 GxH 162* 3 HxG 160

1 HxN 158* 1 NxH 155*
2 HxG 160* 2 GxH 162*
3 HxH 165 3 HxH 165

* Signifies a significant difference (p<0.05) between hybrid and control lines



by crossing Neets Bay females had the highest condition factor, followed by lines 

produced with Hidden Falls eggs, and then Gastineau eggs (Table 5).

Growth studies: November 1999 -  June 2000

The first sampling in November showed no significant growth differences 

between any of the line groups in the common garden tanks. The hybrid experiments 

(Gastineau, Hidden Falls, and Neets Bay) showed significant differences between the 

hybrid and control groups in pair-wise comparisons of the least squares means (Table 6). 

There were significant effects of intercrossing for all experiments in the March sample 

(Table 7). Comparisons between the control and hybrids showed some significant 

differences in all experiments. The Neets Bay control line produced the largest fish after 

one year of growth, followed in the common garden experiment by all four Neets Bay 

hybrids (Table 8). The other three experiments showed similar results in growth. Highly 

significant line effects were observed for all three hybrid experiments.

Survival after ponding: June 1999 -  March 2000

Patterns of survival were similar in all experiments (Figure 3). The Gastineau 

lines had the lowest survival. Effects due to different tanks were significant (p < 0.05) in 

all except the Neets Bay experiment. The effect of fin clip on survival was significant 

only in the common garden tanks where 18 different fin clips were used (compared to 1 2  

clips used in the hybrid experiments). Differences in survival due to fin clip in the 

common garden tanks were most notable in the Gastineau x Gastineau (GxG) and Hidden 

Falls x Gastineau (HxG) lines. Fish in the GxG line received either a left pectoral clip
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(94.27% survival) or a right ventral and adipose clip (89.06% survival). The HxG fish 

received either a left ventral and adipose clip (98.96% survival) or left and right pectoral 

fin clip (93.23% survival). There were no significant intercrossing effects in relation to 

survival after ponding.
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Table 5. Average length in millimeters, weight in grams, and condition factor 

(104*W/L3) at ponding for the nine line groups (Maternal population x Paternal 

population). Standard deviations are in parenthesis. N  represents the number of fry 

sampled; p  < 0.05 for different labels denoting pairwise comparisons for which the null 

hypothesis of no difference could not be rejected; rank is the order of condition factor 

from highest to lowest.

Line N
Mean Length 

(cm) P

Mean Weight 

(g) P

Condition factor 

K Rank

GxG 200 3.294 (0.105) a 0.250 (0.029) a 0.699 7

GxH 180 3.293 (0.113) a 0.238 (0.027) b 0.667 9

GxN 200 3.274 (0.121) a 0.245 (0.034) a 0.698 8

HxG 225 3.392 (0.135) b 0.273 (0.040) c 0.700 6

HxH 165 3.436(0.103) c 0.288 (0.036) d 0.710 4

HxN 235 3.387 (0.125) b 0.273 (0.040) c 0.703 5

NxG 220 3.382 (0.110) b 0.283 (0.028) d 0.732 2

NxH 205 3.384 (0.104) b 0.283 (0.030) d 0.730 3

NxN 170 3.404 (0.105) b 0.289 (0.030) d 0.733 1
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Table 6. Analysis of variance from November, 1999 sample of size of coho parr after 

six months’ feeding. Shown are all intercrossed and control lines grown in common 

garden experiment: all lines observed in the same tanks, or one of three hybrid 

experiments: control and intercrossed lines involving one parental population observed in 

the same tanks. Experiment and line averages are shown with the number of fish 

sampled ( N), standard error, and p < 0.05 for different labels denoting pairwise 

comparisons for which the null hypothesis of no difference could not be rejected. 

Degrees of freedom for F-test shown as (numerator,denominator).

Sample

Nov-99 Line N Mean S.E. P Source

% of total 

variation df F Pr > F

Common Garden GxG 41 7.362 0.107 a

GxH 38 7.253 0.147 a

GxN 43 7.2 0.124 a

HxG 40 7.125 0.163 a

HxH 22 7.367 0.134 a

HxN 24 7.348 0.181 a

NxG 28 7.19 0.150 a

NxH 31 6.981 0.166 a

NxN 33 7.211 0.153 a

300 7.223 0.049 Line 1.37 (8,9) 0.732 0.66

Tank* 4.4 (5,277) 2.26 0.05

Clip(Line) 2.42 (9,277) 0.812 0.61

Gastineau GxG 79 7.491 0.085 a

GxH 53 7.446 0.091 a

GxN 52 7.618 0.123 a
HxG 75 7.819 0.084 a
NxG 41 8.415 0.131 b

300 7.223 0.047 Line* 11.69 (4,7) 5.92 0.02

Tank 3.19 (5,283) 2.09 0.07

Clip(Line) 3.94 (7,283) 1.96 0.06

■Continued-
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Table 6. Cont.

Hidden Falls GxH 49 6.995 0 .1 0 1 a

HxG 57 7.243 0.099 a

HxH 91 7.481 0.077 a,b

HxN 55 7.739 0.104 b

NxH 48 7.817 0.116 b

300 7.428 0.046 Line* 12.87 (4,7) 6.04 0 .0 2

Tank* 9.7 (5,283) 8.52 0 .0 1

Clip(Line) 3.26 (7,283) 1.78 0.09

Neets Bay GxN 60 7.612 0 .10 0 a

HxN 56 7.969 0.107 a,b

NxG 46 7.895 0.135 a,b

NxH 51 7.904 0 . 1 1 1 a,b

NxN 87 8.259 0 . 1 1 1 b

300 7.967 0.052 Line 5.63 (4,7) 1 .2 0.39

Tank 0.43 (5,283) 0.25 0.94

Clip(Line)* 8.69 (7,283) 4.12 0 .0 1

* Signifies a significant difference (p<0.05) between hybrid and common garden experiments.
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Table 7. Analysis of variance results from all four growth experiments sampled in 

March, 2000, which represents the overwinter growth. Experiment and line averages are 

shown with the number of fish sampled (TV), standard error, and p  < 0.05 for different 

labels denoting pairwise comparisons for which the null hypothesis of no difference 

could not be rejected. Degrees of freedom for F-test shown as (numerator,denominator).

Sample

Mar-99 Line N Mean S.E. P Source

% of total 

variation df F Pr > F

Common Garden GxG 60 8.375 0.129 a,b

GxH 60 8.092 0.114 a

GxN 60 8.838 0 .1 2 2 b

HxG 60 8.732 0.114 b

HxH 60 8.762 0.113 b

HxN 60 9.245 0.123 b,c

NxG 60 8.948 0.124 b

NxH 60 9.21 0 .1 2 1 b,c

NxN 60 9.567 0.123 c

540 8.863 0.044 Line* 17.46 (8,9) 4.283 0 .0 2

Tank 1.33 (5,517) 1.791 0 .1 1

Clip(Line)* 4.59 (9,517) 3.439 0 .0 1

Gastineau GxG 192 8.37 0.058 a
GxH 96 8.546 0.084 a
GxN 96 9.001 0.076 b

HxG 96 8.918 0.107 b

NxG 96 9.464 0.094 c

576 8.863 0.039 Line* 17.34 (4,7) 10.49 0 .0 1

Tank* 4.04 (5,559) 5.97 0 .0 1

Clip(Line)* 2.89 (7,559) 3.05 0 .0 1

-Continued-
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Table 7. Cont.

Hidden Falls GxH 96 8.382 0 .10 0 a

HxG 96 8.771 0.104 b

HxH 192 9.044 0.075 b,c

HxN 96 9.433 0.103 c

NxH 96 9.182 0.089 c

576 8.976 0.044 Line* 10.04 (4,7) 5.47 0.03

Tank* 6.7 (5,559) 9.36 0 .0 1

Clip(Line)* 3.21 (7,559) 3.2 0 .0 1

Neets Bay GxN 96 8.753 0.092 a

HxN 96 9.176 0.089 b

NxG 96 9.058 0.107 a,b

NxH 93 9.146 0.094 b

NxN 192 9.592 0.073 c

576 9.22 0.042 Line* 8.79 (4,7) 5.44 0.03

Tank* 2.56 (5,559) 3.34 0 .0 1

Clip(Line)* 2.83 (7,559) 2.63 0 .0 1

* Signifies a significant difference (p<0.05) between hybrid and common garden experiments.
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Table 8. Analysis of variance results from all four growth experiments sampled in June, 

2000. Experiment and line averages are shown with the number of fish sampled (N), 

standard error, and p < 0.05 for different labels denoting pairwise comparisons for which 

the null hypothesis of no difference could not be rejected. Degrees of freedom for F-test 

shown as (numerator,denominator).

Sample

Jun-00 Line N Mean S.E. p

% of total 

Source variation df Pr > F

Common Garden GxG 59 10.3 0.153 a
GxH 59 10.536 0.152 a,b

GxN 56 10.732 0.158 a,b

HxG 61 10.335 0.132 a

HxH 60 10.36 0.156 a

HxN 59 1 1 .0 2 2 0.143 b

NxG 58 10.907 0.136 a,b
NxH 60 10.835 0.192 a,b

NxN 62 11.069 0.129 b

534 10.678 0.051 Line 5.95 (8,9) 0.597 0.76

Tank 1.13 (5,511) 1.406 0 .2 2

Clip(Line)* 10.98 (9,511) 7.604 0 .0 1

Gastineau GxG 188 9.959 0.072 a

GxH 96 10.157 0 .1 0 1 a
GxN 96 10.635 0.089 b

HxG 96 10.658 0.117 b

NxG 97 11.162 0.096 c

573 10.514 0.045 Line* 17.34 (4,7) 8.92 0 .0 1

Tank* 4.04 (5,559) 3.23 0 .0 1

Clip(Line)* 2.89 (7,559) 3.25 0 .0 1

-Continued-
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Table 8. Cont.

Hidden Falls GxH 96 9.953 0.124 a

HxG 93 10.616 0.125 b

HxH 192 10.864 0.081 b,c

HxN 97 11.319 0.104 c

NxH 98 11.166 0.118 b,c

576 10.801 0.051 Line* 13.18 (4,7) 7.01 0 .0 1

Tank* 5.12 (5,559) 7.33 0.0 1

Clip(Line)* 3.25 (7,559) 3.3 0 .0 1

Neets Bay GxN 97 10.56 0.114 a

HxN 95 11.057 0.106 b

NxG 92 10.862 0.132 a,b

NxH 98 11.159 0.097 b

NxN 193 11.661 0.072 c

575 11.162 0.047 Line* 12.45 (4,7) 7.22 0 .0 1

Tank 0.34 (5,558) 0.43 0.83

Clip(Line)* 3.03 (7,558) 2.8 6 0 .0 1

* Signifies a significant difference (p<0.05) between hybrid and common garden experiments.
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Figure 3. Survival of fry after ponding, shown as percent survival. Error bars indicate 

standard deviations. Cross groups shown as maternal population x paternal population.



Discussion

Geographic separation along with the influence of local adaptation and possible 

hatchery effects, have produced measurable differences in length, ovary size, and egg 

size between the three populations of coho salmon observed in this experiment. Within 

each population, larger females produce larger eggs than do smaller females as was 

similarly reported by Murray et al. (1990).

Differences between individual male and female parents were significant in 

contributing to variation in egg survival. Low survival rates detected in lines descending 

from Hidden Falls males, most notably in the control line, could have resulted from 

depressed fertility of semen (either inherent, temperature related, or caused by improper 

handling/storage of the semen during collection and transportation) or possible 

inbreeding depression in the Hidden Falls donor population. Sampling eggs a day or two 

after fertilization would have resolved some of these questions. Both the Gastineau and 

Neets Bay control lines had higher survival rates than their intercrossed hybrid lines, 

suggesting decreased fitness as a result of outbreeding, likely due to a genotype x 

environment interaction (paternal genome x maternal egg environment). Discriminating 

genotype x environment interactions from nonadditive genetic effects is difficult because 

females were bred to only one male from each population. Such decreased productivity 

in hybrid lines would tend to limit the amount of gene flow between populations. A 

further reduction of hybrid productivity in subsequent generations produced from these 

Fi hybrids would provide evidence for a breakdown of coadapted gene complexes: the 

‘genetic’ mechanism of outbreeding depression.
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Results from this experiment suggest that local adaptation strongly influences 

development time under the hatchery conditions evaluated in this study. In a common 

environment, average time to midhatching was separated by as many as 15 days between 

control lines. These differences are probably due to variation that exists between the 

hatchery and source environments to which the populations have adapted. The Neets Bay 

population, which comes from a high elevation glacially influenced mainland system, 

may require fewer temperature days to develop in its native habitat than does the Hidden 

Falls population, which originates in a low elevation coastal island stream. Embryos of 

salmon from colder environments require fewer days to develop in a common 

environment than embryos from warm adapted salmon (Beacham & Murray 1989, 

Murray et al. 1990, Konecki et al. 1995). Development times of intercrossed hybrid lines 

were intermediate to those of control lines, suggesting that the differences between the 

populations reflect primarily additive genetic effects; there is no evidence for appreciable 

net directional dominance. Remnant ‘field effects’ from the source environments are 

probably still influencing the differences between these first generation groups. Although 

this experiment does not have the ability in the Fj generation to fully address the issue of 

outbreeding depression, these results suggest that the ecological model for outbreeding 

depression, a loss of local adaptation, would manifest in progeny of these hybrid crosses 

if they incubated in the parental streams. Residual environmental effects should 

disappear in the F2 generation and regenerating the F] groups in a subsequent generation 

will help answer how strongly these effects are influenced by local adaptation.

Changes in hatching times caused by outbreeding could also have repercussions 

later in development. Timing of hatch is important to insure that conditions will be



favorable in the stream when the fry emerge (Mason & Chapman 1965, Metcalfe & 

Thorpe 1992). In nature, emerging too early can cause increased mortality due to 

unfavorable stream conditions such as high flows, lack of prey items, or increased 

predation. However, early emerging fry also tend to be dominant and are at a 

competitive advantage to later emerging fry, which as a result may have slower growth 

rates (Mason & Chapman 1965, Metcalfe & Thorpe 1992, Rhodes & Quinn 1998). Fry 

size can also determine when emigration occurs. Larger fry tend to emigrate earlier than 

smaller fry within the same watershed (Irvine & Ward 1989) and smaller fry may require 

an additional year or two of freshwater residence before they migrate to the ocean.

Fry size is significantly influenced by the maternal population, presumably due to 

population variation in egg size (Withler & Morley 1970, Murray et al. 1990). The large 

size of the fry from Hidden Falls and Neets Bay lines at ponding reflects the large size of 

the eggs. The presence of a maternal and paternal population interaction effect indicates 

that there may be some genotype (of the paternal population) and environmental 

(maternal population, or egg) interactions in relation to size at ponding. Effects due to 

individual sires and dams can be resolved through half-sibling analysis by crossing 

different sires across dams within populations.

The first sampling in November revealed greater variation than initially found at 

ponding in body size between the experimental lines. In the common garden tanks, the 

Hidden Falls and Neets Bay control lines continued to be among the largest. In the 

hybrid experiments, the Neets Bay lines were significantly larger than the other lines. 

The larger size of the fish in the Neets Bay groups in the hybrid experiments could be 

attributable to the earlier ponding times for these groups or ‘prior residence’ effects
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(Metcalfe & Thorpe 1992). Effects of intercrossing were significant in all the hybrid 

experiments during the spring and explained up to 17% of the total variation in the 

model. These effects remained significant through the summer in all except the common 

garden experiment.

Although not quantified in this study, the presence of more lines in the common 

garden experiment could have lead to more behavioral interactions between lines, and 

may explain why an overall significance was not detected. Density of siblings in a 

rearing unit has been correlated to growth (Quinn et al. 1994). Fish in experimental lines 

also tended to be smaller in the common garden experiment than those in the other 

growth experiments during the first nine months. Reducing the number of fish, and 

therefore interactions, in March may have contributed to the increased growth rates in the 

common garden tanks observed during the final sampling. The potential for fewer 

behavioral interactions in the hybrid experiments may have allowed intrinsic biological 

differences to become apparent. Swain and Riddell (1990) who compared agonistic 

behavior of hatchery and wild coho fry illustrated evidence for behavioral differences 

having a genetic component. The possible significance of behavior on growth can be 

seen in the pair-wise comparisons between control and hybrids in this experiment. When 

a significant difference existed between two control lines, the hybrid lines were also 

significantly different from one or both controls. The effects of behavior on growth in 

this study are only speculative, but do lend support to including such observations in the 

future.

Significant tank and clip within line effects on growth existed in most 

experiments during the spring and summer sampling periods. These environmental
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effects increase variation in the model and can make resolving the genetic effects 

difficult. Significant tank effects could arise from differences in food distribution, which 

is affected by water current and the rate at which food is introduced into the tank. 

Differences in mortality among groups in replicate tanks may also influence behavior and 

growth. The effect of fin clipping was significant in all the experiments, most notably in 

the final sample of the common garden experiment, where almost 1 1 % of the total 

variation was due to a clip within line effect. In the other experiments, while still 

significant, the effect of fin clip within line accounted for only three to five percent of the 

total variation. An attempt was made to resolve whether the type or number of fins 

clipped resulted in decreased growth, however no clear patterns could be found. 

Appreciable differences do exist and other methods of identification should be explored 

in future experiments.

Survival after ponding was lowest for the Gastineau lines. This is presumably due 

to the smaller size of fish in these lines, lower condition factor, and later ponding times 

which causes them to be less dominant in the tanks and have fewer opportunities to feed. 

Mortality could have also been attributed to aggressive attacks by earlier resident fish. 

None of these effects caused a significant difference in survival among lines.

These results, that variation in survival, development time, and growth among 

populations have genetic components and can be affected by outbreeding depression 

within a generation of intercrossing, are consistent with the findings of Philipp and 

Claussen (1995), who demonstrated that local adaptations can occur among different 

populations of fish within a relatively small geographic area (in this case broodstockss 

were separated by a minimum of 220 km). Different environmental conditions within



streams that are separated by geographic barriers would be expected to produce 

populations that are differently adapted. Quantifying environmental variables will 

strengthen future studies.

When interbreeding occurs between differently adapted populations the 

consequence is a loss of local adaptation. Development time, egg survival, and first year 

growth have genetic components and can be affected by outbreeding depression in the 

first generation after intercrossing. Changes in development time affect when the fry 

emerge and first year growth rates influence the time spent in freshwater. Within natural 

populations, the effects of outbreeding depression due to a loss of local adaptation should 

be stabilized by natural selection within a few generations if very few genes are involved 

(Templeton 1986), the affected population size is large, and the number of non-adapted 

migrants is low. When the local population is small, effects of outbreeding depression 

are experienced by a larger percent of the population and the potential for an overall 

reduction in fitness is high.

One of the greatest concerns with outbreeding depression though, is a loss of 

genetic diversity among populations. Genetic diversity, which is maintained through the 

processes of local adaptation, mutation, and gene flow, maximizes a populations’ ability 

to adapt to environmental fluctuations over time. Salmon have a complex life history that 

includes life stages in both freshwater and marine environments. Timing life history 

events to when conditions in these dynamic environments will be favorable maximizes 

the fitness of individual populations. Conservation of genetic and life history diversity 

within and among populations is important to the survival of the species as a whole. 

Management practices should aim to reduce human-induced interactions between distinct
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populations of salmon within geographic regions. Differences between populations in 

this study were evaluated in only a single hatchery environment and these evaluations 

were limited to early life history of first generation progeny. Further studies need to 

focus on intercrossing effects in later generations and life stages, and in other 

populations.
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Detail of fin clips used in growth study.

Table 9. Fin clips used to identify lines during growth study.

Appendix I

Fin clip Pectoral Pelvic Adipose

1 Left (L)

2 Right (R)

3 R

4 L

5 R,L

6 L R,L

7 R R,L

8 R,L

9 R L

10 L R

11 R R

12 L L

13 R,L R

14 R,L L

15 R X

16 L X

17 R X

18 L X
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Table 10. Assignment of fin clips to control and hybrid lines during growth experiments.

Cross

Experiment

Gastineau Hidden Falls Neets Bay Common Garden

GxG 2,4,6,7 1,15

GxH 5,11 6,8 10,14

GxN 3,8 1,12 2,5

HxG 1,10 10,12 8,16

HxH 2,3,5,9 4,6

HxN 4,11 3,11 3,9

NxG 9,12 9,10 7,13

NxH 1,7 2,6 12,17

NxN 4,5,7,8 11,18
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Female length, egg size, and ovary size comparisons of the three populations.

Appendix II

a Gastineau □ Hidden Falls o Neets Bay

Figure 4. Scatter plot of female length and egg weight for the three populations used in 

intercrossing experiment.
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Figure 5. Scatter plot of female length and ovary weight for the three populations used in 

intercrossing experiment.
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Figure 6 . Histogram showing the frequency of average egg weights taken from all 50 

females from each population. Egg weights were measured to the nearest centigram.
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Ovary weight (eg)

Figure 7. Histogram showing the frequency of ovary size from all 50 females from each 

population.
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Detail from analysis of variance of development time.

Table 11. Analysis of variance of development times in families from crosses made 

from three populations of Southeast Alaska coho salmon. Mean square (MS) was based 

on type III sum of squares. Denominator of approximate F test and probability 

associated with the ratio are given.

Appendix III

Source df Mean Square F  Denominator P r >F

Maternal Population (Mat) 2 2,135.13 0.8352*MS (Dam(Mat))+ 

0.1648*MS (Error) = 13.92 

df = 112

0.0001

Dam (Mat) 91 14.96 MS (Error) 0.0026

Paternal Population (Pat) 2 1,003.55 0.8276*MS (Sire(Pat))+ 

0.1724*MS (Error) = 9.92 

df = 125

0.0001

Sire (Pat) 92 10.18 MS (Error) 0.2035

Pat*Mat 4 9.60 MS (Error) 0.3564


