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Abstract

I studied the effects of outbreeding on embryonic development timing of pink salmon. I 

used standardized development stages and germ ring opening measurements to compare 

the variation of development at epiboly for odd- and even-broodyear F2 hybrids. 

Analyses of timing of development at epiboly showed no effects of outbreeding 

depression, but did show a maternal effect for both crosses and backcrosses; and 

backcross families differed between replicates. These observations suggest that 

experimental designs lacking consideration of maternal effects or testing for replicate 

container effects in early salmon development studies may be flawed. I also compared 

the variation of hatching times for hybrids of two pink salmon populations, Pillar Creek 

(Kodiak, Alaska) and Auke Creek (Juneau, Alaska), which are separated by about 1,000 

km. Analyses of hatching time showed that families with more Pillar Creek genes 

required more time to hatch at a given temperature. The differences in hatching time 

between the pink salmon from Auke and Pillar creeks demonstrates that they differed 

genetically. Both additive and epistatic types of outbreeding depression influenced the 

differences in hatching time. Prudent resource management requires knowledge of the 

biogeographical history and the genetic composition of salmon populations with the 

potential to interbreed.
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General Introduction

Salmon are an important part of the ecological, economic, and social makeup of many 

areas in the Pacific Rim. Therefore, there are many reasons loss of productivity or 

extinction of salmon populations is undesirable. One source of loss of productivity is 

through genetic alterations due to introductions of non-native populations. A reduction 

in fitness due to outbreeding is otherwise known as outbreeding depression (Shields 

1982, Templeton 1986, Emlen 1991, Hindar et al. 1991, Lynch 1991).

There are two models that explain how outbreeding depression can occur: 

accumulated locus-by-locus effects (Templeton 1986, Lynch 1991, Emlen 1991) and 

epistatic effects (Shields 1982, Templeton 1986, Emlen 1991, Lynch 1991). Elements 

from both models can be at work simultaneously. The environmental (or locus-by- 

locus) model for outbreeding depression explains that individuals with a collection of 

genes independently working well together would be selected. This model states that 

populations adapt to different local environmental regimes over time and predicts that 

hybrids of populations adapted to different environmental regimes would be most fit in 

an intermediate environment and would probably have lower fitness in both parental 

environments. The environmental model predicts outbreeding depression would occur 

in Fi and later generations and persist until selection reduced deleterious alleles for a 

given environment.

The epistatic (or genetic) model for outbreeding depression is based on the idea 

that individuals possess “coadapted genomes”, complexes of epistatic genes that are 

adapted to a given habitat (Shields 1982, Templeton 1986, Emlen 1991, Lynch 1991).
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The genetic model describes that individuals with gene complexes adapted for a given 

environment would be selected and individuals with gene complexes disrupted by 

outbreeding would be less fit. According to this model, one would not necessarily 

predict reduced fitness in Fi hybrids because each individual possesses a complete copy 

of a coadapted genome from each parent. Furthermore, an increase in fitness may be 

observed in Fi hybrids due to heterosis. However, a reduction in fitness would be 

expected in the F2 and later generations from the disruption of coadapted gene 

complexes through the independent assortment of genes during meiosis. The number, 

type, and degree of difference and extent of linkage between exchanged genes would 

determine the magnitude of fitness reduction (Shields 1982). Evidence from Hebert 

(1994), Goddard (1995), and Hebert et al. (1998) of genotype by environment effects 

implies that epistatic outbreeding depression could be important.

A number of components contribute to fitness in any organism. Marine survival 

(fry to adult) is a common measure of fitness for anadromous salmon. Heard (1991) 

documented pink salmon marine survival rates ranging from 0.2 to 23.1%. A less 

common measure of fitness, yet equally important, is freshwater survival (fertilization 

to emergence). Not only can levels of freshwater survival be similar in magnitude to 

marine survival (Heard 1991) but embryonic development timing can also affect fitness 

later in life (Taylor 1980). Studies of embryonic timing of development have shown 

there are genetic and environmental factors influencing development time in pink 

salmon (Beacham & Murray 1986, Joyce 1986, Beacham 1988, Herbert 1994, Goddard
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1995, Hebert et al. 1998). Outbreeding can alter a population’s genetic blueprint for 

embryonic timing of development, potentially leading to outbreeding depression. 

Outbreeding depression has been documented in many taxa (Hemmingsen et al. 1986, 

Gharrett & Smoker 1991, Parker 1992, De Meester 1993, Phillip & Claussen 1995, 

Ruckelshaus 1995, Armbruster 1997, Edmands 1999, Gharrett et al. 1999, and Gilk et 

al. 2004). For salmon, one example of outbreeding depression was seen in hybrids from 

the three distinct populations of coho salmon (Oncorhynchus kisutch). The study 

showed susceptibility to the parasite Ceratomyxa shasta intermediate to the parental 

strains (Hemmingsen et al. 1986), the result expected if locus-by-locus effects control 

resistance to that parasite. Other examples of outbreeding depression include lower 

marine survival rates in pink salmon ( O.gorbuscha) hybrids between broodyears 

(Gharrett and Smoker 1991; Gharrett et al. 1999) and between spatially separate 

populations of the same broodyear (Gilk et al. 2004). All three studies detected reduced 

fitness, measured as marine survival, in the F2 hybrids, consistent with the coadapted 

genome type of outbreeding depression. Gilk et al. also detected reduced fitness in Fi 

hybrids, consistent with the locus-by-locus model of outbreeding depression. However, 

the populations used in those studies might not be representative of all pink salmon 

populations. Furthermore, those results may not extrapolate well to other species.

An empirical study is desirable to assess whether or not a potential intercross 

would be detrimental. Experiments of marine survival rates are lengthy (over 14 years 

for two generations of chinook salmon) and expensive. Studies of the effects of 

outbreeding on early (freshwater) salmon development, such as done in this thesis,
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could give biologists and resource managers a relatively quick and inexpensive idea of 

some effects that might occur from outbreeding.

We studied development timing in embryonic outbred pink salmon.

Specifically, we analyzed timing of development during epiboly in hybrids of odd- and 

even-year pink salmon and timing of development to hatch in hybrids of geographically 

separate populations of pink salmon. Both of these experiments provide models for 

intraspecific hybridizations that can occur in modem salmon management practices.

The odd- and even-year pink salmon hybrids we studied are representative of 

outbreeding populations with common environmental factors (e.g. translocations for 

supplementation or restoration where physical characteristics of the donor and recipient 

populations are very similar). This might occur when hatchery salmon populations are 

reared in isolation from their ancestral populations for many generations then are 

reintroduced to their ancestral environment. In contrast, the geographic hybridizations 

we made are an example of translocations (roughly 1,000 km) where biogeographical 

characteristics are not identical. This type of outbreeding is found when source 

populations for supplementation or restoration are not local and have, presumably, 

adapted to differing environmental characteristics.

Given the reduced marine survivals observed in pink salmon hybrids, we 

hypothesized that we might also observe differences in fitness-related traits in early life 

history. We predicted that an effect on time of development to hatching was likely but 

not very likely for time of development to epiboly because in some aquatic species, 

paternal genomes are not expressed until blastulation begins (Browder et al. 1991).
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Furthermore, a previous pink salmon experiment showed no paternal effect at epiboly 

(Hebert et al. 1998). Given that expression of paternal genes are likely too late in 

development to affect the progress of epiboly, we believed it would not be likely that an 

outbreeding depressive effect (requiring both maternal and paternal genomes to be 

expressed) would be observed at epiboly.

In chapter 1, we report on a study of embryos at or near epiboly from second- 

generation (F2) odd- and even-broodyear pink salmon hybrids (Gharrett et al. 1999). Fi 

families were produced from broodyear 1992 females. One portion of the eggs from 

each female was mixed with thawed, cryopreserved semen from one broodyear 1990 

male to make an Fi control; and the other equal portion was fertilized with 

cryopreserved semen from one broodyear 1991 male to make an Fi hybrid. These fish 

were released to sea as fry to complete growth and development. F2 control and hybrid 

crosses, as well as both backcrosses, were produced from returning F] adults in 1994.

Eggs were sampled and preserved on a date predicted to be near the end of 

epiboly. Over 1,000 eggs were dissected and observed under magnification. We 

recorded the stage of development (Ballard 1973) and measured the germ ring openings 

(the proportion of the yolk not covered by advancing cells) of each embryo. I analyzed 

both data types with a maximum likelihood-based model to partition variance 

components.

In chapter 2, we report on a study of timing of development to hatch for pink 

salmon hybrids of two geographically separated populations. The populations were
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from Pillar Creek (Kodiak, Alaska) and Auke Creek (Juneau, Alaska), roughly 1,000 

km apart. In 1996 and 1997, semen from Pillar Creek males was used to make Fi 

hybrid families with Auke Creek females and Fi controls were made from semen from 

Auke Creek males. The Fi families were incubated at Auke Creek. F2 control and 

hybrid crosses, as well both backcrosses, were produced from returning Fi adults in 

1998 and 1999.

A reciprocal hybridization was also made. In 2001, semen from Auke Creek 

males was used to make Fi hybrid families with Pillar Creek females and Fi controls 

were made from semen from Pillar Creek males. The reciprocal Fi families were 

incubated at Pillar Creek. For all five years, hatch observations were recorded daily 

during the entire period of hatching.
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Chapter 1 - Timing of development during epiboly in embryos of second-

generation crosses and backcrosses between odd- and even-broodyear pink 

salmon, Oncorhynchus gorbuscha'

Synopsis

We compared the timing of development during epiboly in families of embryos derived 

from second-generation crosses and backcrosses between odd- and even-broodyear pink 

salmon ( Oncorhynchus gorbuscha). We did this to determine if outbreeding depression

would affect this trait, which we believe to be important to local adapation. To study 

timing of development during epiboly, we observed normal stages of development 

(Ballard 1973) and measured diameters of germ ring openings.

We observed no outbreeding depression, measured as differences between 

hybrid and control crosses. There was a dam effect but no sire effect. The large dam 

effect suggests that additive effects and/or egg quality are important determinants of 

early pink salmon development and fitness. We observed no differences between the 

two types of backcrosses but we did observe differences in replicates, which suggest 

that location in the incubator affects development rates. We also observed that 

morphological development in the populations of pink salmon that we observed was 

faster than reported for brook char and rainbow trout. Our data suggest that

1 Ivan A. Wang, Erica H. Leder, William W. Smoker & Anthony J. Gharrett. A 
manuscript for submission to Environmental Biology of Fishes.
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experimental designs that fail to include tests for replicate container effects or to 

consider maternal effects in studies of early salmon development may be flawed.

Introduction

Genetic theory and empirical evidence suggest that each population of salmon 

has adapted to a sequence of environments in which its members live at different stages 

of their life cycles (Brannon 1987, Beacham et al. 1988, Taylor 1991). If any of those 

environments change dramatically from historical norms, either by physical climate 

change or human activity (e.g. flow regulation of rivers by dams, transplantation to non

native habitat, alteration of physical and chemical composition), salmon populations 

may not have the genetic diversity to adapt to those changes and may risk extinction. 

One of the traits by which salmon populations are locally adapted is run timing, the time 

during the year that adult salmon approach their natal stream and spawn. The offspring 

from adults that spawn too early or too late tend to incur lower survival rates (Brannon 

1987, Hebert et al. 1998, Smoker et al. 1998, Hendry et al. 2004). Run timing affects 

outmigration timing (the time during the year that larval salmon first require exogenous 

nutrition) that in turn determines early marine survival rates (Taylor 1980, Mortensen et 

al. 2000).

A study by Gharrett et al. (1999) observed outbreeding depression, measured as 

lower marine survival, in second-generation hybrids between odd- and even-broodyear 

pink salmon (genetically isolated populations living in the same environments in 

alternate years). Those results suggest that outbreeding might also affect embryonic life
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stages. We wanted to determine if outbreeding depression could be detected in the 

developmental stage called epiboly from the cohort observed by Gharrett et al. (1999).

Ballard (1973) defines epiboly as the closing of the germ ring over the yolk 

plug. Epiboly begins when a germinal disk (dividing cells flatten into a disk shape) 

starts spreading out, eventually engulfing the yolk completely. Progress of epiboly is 

typically measured by the portion of the egg covered by the encroaching cell layer (e.g. 

two-thirds, 50%).

We chose to study timing of development during epiboly because completion of 

epiboly is a fitness-related trait where outbreeding depression might be observed. 

Salmon embryos are most sensitive to mechanical shock before epiboly is complete 

(Jensen and Alderdice 1982). Timing of development to complete epiboly has been 

observed to vary adaptively between early-spawning and late-spawning subpopulations 

of these pink salmon (Joyce 1987; Goddard 1995; Hebert et al. 1998; Smoker et al. 

1998). Variation in development timing to complete epiboly is important because 

offspring of early spawning adults are able to survive redd superimposition by later 

spawning fish if they complete epiboly quickly (Smoker et al. 1998).

Evidence of outbreeding depression might be observed as differences in timing 

of development, increases in variance of development timing, or both. We tested for 

differences in timing of development during epiboly between second-generation hybrids 

and controls and for differences in timing of development between two types of 

backcrosses. The mating design (repeated sets of factorial matings between pairs of 

males and pairs of females; Gharrett et al. 1999) allowed estimation of several genetic
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components of phenotypic variation including additive (sire), additive and maternal 

(dam), and interactive (sire x dam) effects.

We hypothesized that no sire effects on development during epiboly would be 

observed because paternal genomes are probably not expressed early in salmon 

development. In sea urchins and frogs, only stored maternal mRNA is available in early 

development (Browder et al. 1991); and it is not until blastulation that zygotic RNA 

transcription begins in Xenopus(Browder et al. 1991). We tested hypotheses by

analyzing variation of development timing to epiboly with normal stages (Ballard 1973) 

and germ ring opening estimates taken at a set time.

Methods

The subjects of our study were embryonic second filial generation (F2)pink salmon, 

descendants of an odd- and even-broodyear pink salmon hybridization experiment 

(Gharrett et al. 1999). In 1992, the first generation crosses (Fi) were produced from the 

eggs of 40 broodyear 1992 females. Eggs from each female were divided into two 

approximately equal portions. One portion of the eggs from each female was mixed 

with thawed, cryopreserved semen from one broodyear 1990 male to make an Fi 

control; and the other portion was fertilized with cryopreserved semen from one 

broodyear 1991 male to make an F] hybrid. Semen from forty 1990 males and forty 

1991 males yielded 40 Fi hybrid and 40 Fi control families, each of which was divided 

into two portions. The 160 replicate portions were randomly assigned to cells in
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modified trays in FAL™ (MariSource, Milton, WA) vertical incubator cabinets. Each 

incubation tray had been divided into 10 or 12 cells with acrylic dividers.

Second-generation control and hybrid crosses, as well both backcrosses, were 

produced from returning Fi adults. On 11 September 1994, gametes from ten Fi hybrid 

females and ten Fi control females, ten Fi hybrid males, and ten Fi control males were 

used in repetitions of a 2x2 factorial design. We produced five 2x2 blocks of control 

female x control male (CxC) crosses from ten Fi control females and ten Fi control 

males. We produced five 2x2 blocks of hybrid female x hybrid male (HxH) crosses 

from ten Fi hybrid females and ten Fi hybrid males. We produced five 2x2 blocks of 

control female x hybrid male (CxFl) backcrosses from ten Fi control females and ten Fi 

hybrid males. We produced five 2x2 blocks of hybrid female x control male (HxC) 

backcrosses from ten Fi hybrid females and ten Fi control males. Each of the 80 

families of embryos were divided into two approximately equal portions and assigned 

randomly to incubator cells. On 13 September 1994, we used gametes from ten Fi 

hybrid females, eight F] control females, twelve Fi hybrid males, and twelve Fi control 

males in repetitions of a 2x2 factorial design. We produced three complete and two 

incomplete 2x2 blocks of control female x control male (CxC) crosses from eight Fi 

control females and ten Fi control males. We produced four complete and two 

incomplete 2x2 blocks of hybrid female x hybrid male (HxH) crosses from ten Fi 

hybrid females and twelve Fi hybrid males. We produced three complete and two 

incomplete 2x2 blocks of control female x hybrid male (CxH) backcrosses from eight 

Fi control females and ten Fi hybrid males. We produced four complete and two
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incomplete 2x2 blocks of hybrid female x control male (HxC) backcrosses from ten Fi 

hybrid females and twelve Fi control males. Each of the 72 families produced were 

divided into approximately equal portions and incubated in randomly-assigned 

incubation cells within the stacks.

We examined 1090 eggs from the two spawn dates. From the 11 September 

spawn date, we examined 640 eggs, five from each of the 80 CxC and HxH family 

replicates and three from each of the 80 CxH and HxC family replicates. From the 13 

September spawn date, five eggs from each of the family replicates were examined. We 

examined eggs from five CxC, 40 HxH, 40 CxH, and nine HxC replicates. We 

examined a total of 450 eggs from the 13 September spawn date; 191 from the HxH 

family replicates, 65 from the CxC family replicates, 39 from the CxH family replicates, 

and 155 from the HxC family replicates.

The eggs were sampled, fixed, and preserved in Stockard’s solution (5% 

formaldehyde, 4% glacial acetic acid, and 6% glycerine) 20 days after fertilization (the 

time predicted for 50% epiboly in pink salmon embryos for water temperatures at Auke 

Creek Hatchery, Jensen 2002). The embryos were dissected from their chorions and 

observed under magnification (Figure 1.1). Eggs with no embryo or signs of a germ 

ring were recorded as unfertilized eggs and excluded from the analysis. Of the 640 eggs 

from the 11 September spawn date, 22 (3.4%) were unfertilized, and 11(2.4%) of the 

450 eggs from the 13 September spawn date were unfertilized.

To compare development timing between groups, we used numerical indices of 

development progress for the embryos. We recorded the normal stage of development
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(Ballard 1973) and measured the germ ring opening (the proportion of the yolk not 

covered by advancing cells) of each embryo. The germ ring opening was measured in 

two dimensions, the first, along the longitudinal axis of the embryos’ bodies, and the 

second, along the axis perpendicular to the longitudinal axis. Both were measured to 

the nearest 0.5 mm. The germ ring openings were usually elliptical. By multiplying the 

measurements of the major (longitudinal) axis (a) and the minor axis (b) indices of the 

areas of the germ ring openings were estimated (area of an ellipse = * a * b).

We principally tested whether development at a given date differed between the 

broodyear 1994 F2 hybrids and F2 controls. We also tested for differences between the 

two types of backcrosses. We analyzed a model of the variation that included effects of 

date of experiment, cross, block, replicate, sire, dam, and sire by dam interaction in this 

replicated partially-factorial mating design. Date and cross were fixed effects; other 

effects were random effects. Our statistical model was

yijklmnp — + Aj + Cj ~I" A/xCj +  Byk +  Dijkm X Dijkm

where yijklmnp was the value of the developmental trait (numerical stage of development

or germ ring opening estimate), p was the population mean, A,- was the effect of the of 

the zth date of experiment, Cjwas the effect of they th cross (hybrid versus control), 

A,xCj was the effect of the interaction of the zth date and the yth cross, was the effect 

of the Ath 2x2 block within the yth cross within the z'th date, was the effect of the /th 

sire within the Ath block within the yth cross within the zth date, and was the effect 

of the zzzth dam within the Ath block within the yth cross within the zth date, x Dykm 

was the effect of the interaction between the /th sire and mth dam within the Ath block



within they'th cross within the ith date, RijUmn was the effect of the nth replicate within 

the the /th sire and /nth dam within the &th block within theyth cross within the /'th date, 

and Sijkimnp was the error.

The sire effect from the sire half-sib correlations can be used to estimate the

9 9additive genetic variance. This is estimated from the equation cr s s  a  A/4 + higher- 

order terms (Lynch and Walsh 1998), where a 2s is the proportion of phenotypic 

variance attributable to the sire effect and ct2a is the additive genetic effect. The dam 

effect from the dam half-sib correlations can reveal genetic maternal effects and 

common environment effects. This is estimated from the equation cr d = ct a/4 + a  Gm +

9 9c  ec+ higher-order terms, where a  d is the proportion of phenotypic variance 

attributable to the dam effect, CT2Qm is the variance due to genetic maternal effects, and 

cj2ec is the variance due to common environment effects. The dam by sire interaction 

can reveal genetic interactions. This is estimated from the equation a 2i = a 2d/4 + higher 

order terms, where a 2i is the proportion of phenotypic variance attributable to the sire 

by dam interaction effect, c t2d  is the variance due to dominance genetic effect.

Exploratory data analysis showed that both types of data, numerical identifiers 

of normal development stages and germ-ring area measurements, were non-normal. 

Several data transformations (1/x, ex, logeX, loge(loge(x)), and logiooox) failed to 

normalize the data (Proc Univariate, SAS version 8.2 for Windows, SAS Institute Inc., 

Cary, NC). We used Proc Mixed (a maximum likelihood test for mixed models, SAS 

version 8.2 for Windows, Littell et al. 1996, for SAS code see Appendix 1.1) to analyze

16



both types of untransformed, exponent-transformed, and natural log-transformed data. 

Results for all three data types were similar; only analyses for untransformed data are 

reported. We used Levene’s test of homogeneity of variance (SAS version 8.2 for 

Windows) to test for differences in variance between crosses for germ-ring area 

measurements and Ballard’s stages (Table 1.1).

Results

The embryos ranged in development from Ballard’s stage 10 to stage 13 and had 

germ ring openings that were at or near complete closure (Figures 1.2a and 1.2b). More 

than 65% of the crosses and more than 69% of the backcrosses were at Stage 13 (Figure 

1.1), which is the final stage of epiboly. The variance of germ ring area in hybrids was 

less than in controls but the variances of development-stages were similar (Table 1.1).

The skewed distributions of Ballard stages indicate that the samples were taken 

late in epiboly. Even though the majority of embryos were at Stage 13 we observed a 

dam effect (p <0.03) for both area of germ ring opening and Ballard’s stages of epiboly 

development in both crosses and backcrosses; however the date, cross (HxH vs. CxC or 

CxH vs. HxC), date x cross, block, and sire effects were not significant (a  = 0.05) for 

any of the four data types (Table 1.2). Sire by dam effect was marginally significant (a 

< 0.10) for germ ring area for F2 crosses. One result we observed was a replicate effect 

in the backcrosses for area of germ ring opening (p = 0.006) and development stage (p = 

0.036).

17
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Compared to Ballard’s criteria for brook char and rainbow trout, organogenesis 

of pink salmon embryos from this experiment developed faster than the corresponding 

(epiboly) germ ring advancement. For example, nearly all of the embryos examined 

were at stage 17 (data not shown), according to the criteria for organogenesis, but at 

stage 13 for epiboly advancement.

Discussion

Our results are similar to those of Hebert et al. (1998) who did not observe paternal 

effects on development time at stages earlier than epiboly. Embryological studies in sea 

urchins and Xenopus have shown that protein synthesis immediately after fertilization is 

based on maternal mRNA stores in oocytes (Browder et al. 1991). In other words, 

paternal genes are often not expressed until later developmental stages, depending on 

species. Regulation of cell division rates early in development is due largely to 

maternal sources (Browder et al. 1991). It is possible a similar developmental 

progression occurs in pink salmon. Therefore, we cannot be sure whether the lack of 

observed sire effect indicates that the paternal genome was expressed but there was no 

observable additive or higher order effects, or that the paternal genome was simply not 

expressed at the time of epiboly.

The observed variance in dam effects is due to additive effects, genetic maternal 

effects, and/or common environment effects (Lynch and Walsh 1998). These data 

cannot distinguish among those effects. However, maternal additive effects are 

expressed in developing embryos, even though sire contributions may not be. Such
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expression would provide an explanation for evolution of disparate early development 

rates in different populations.

Assignment of family replicates within stacks and trays was randomized for this 

experiment and is one method for controlling for position effects within experimental 

designs. Here, the backcrosses were statistically significant for replicate effect, but F2 

hybrids and F2 controls were not. This probably indicates differences in individual 

incubation cell conditions (flow rate, turbulence, and temperature).

We observed no evidence of outbreeding depression. We observed no 

significant difference between mean development timing of F2 hybrids and F2 controls 

or between both types of backcrosses. The variance of development timing was less 

(germ ring area) or similar (normal stage of development) in hybrids than in controls, 

the opposite of what would be expected as a consequence of outbreeding depression. 

While the nonnormality of the data may have increased the risk of a Type II error, our 

analysis, as well as theoretical expectations, led us to conclude there was no evidence of 

outbreeding depression. Observations of a later developmental stage, when paternal 

effects would be more likely to be effective, may yield different results.

Ballard (1973) reported that brook char and rainbow trout had completed 

epiboly between stages 12 and 15, as characterized by morphological development of 

organs, and that fish with larger eggs would tend to be further developed at the 

completion of epiboly. Nearly all of the embryos that we observed were at stage 17 

according to Ballard’s organogenesis criteria while at stage 13 or earlier according to 

his criteria based on the advancement of epiboly. Ballard contended that for all species
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in the suborder Salmonoidei different processes of development (e.g. epiboly and 

organogenesis) would be within two stages of each other. Our observations do not 

support this claim.

The dissimilarity of the relationships between organogenesis and epiboly in pink 

salmon and rainbow trout or brook char could be attributable to differences of egg 

diameter. Egg diameters for pink salmon in this experiment ranged between 5.0 and 7.0 

mm, much larger than eggs studied by Ballard (4.1 to 4.5 mm for brook char and 4.5 

and 4.8 mm for rainbow trout). The surface area for an average pink salmon egg in this 

experiment was 113 mm2 as compared to 59 mm2 for an average brook char egg and 67 

mm for an average rainbow trout egg. At a given rate of cell division, an expanding 

layer of cells must cover a larger surface area in larger eggs. It is understandable then 

that the much larger pink salmon eggs would take more time to complete epiboly unless 

pink salmon cell division rates were more rapid.

Applications of our findings are as much related to experimental design and 

execution as to biological knowledge gained. Since we saw differences between 

replicate incubation containers in some analyses, caution should be taken in assuming 

replicate containers provide identical conditions. In terms of experimental execution, 

we saw that taking test samples at least a day before the predicted time to determine 

whether or not the desired developmental stage has been reached is prudent. As for 

biological knowledge gained, we observed statistically insignificant differences 

between F2 hybrids and F2 controls and between both types of backcrosses in odd- and 

even-broodyear pink salmon but a strong dam effect. The small difference between



odd- and even-broodyears was not surprising considering the populations are adapted to 

a similar average environment. This may not be the case for comparisons of 

populations adapted to different environmental conditions during incubation as was 

observed in Chapter 2. There we observed differences in hatching time for 

geographically distant hybrids of pink salmon. Finally, we also observed that pink 

salmon body development took place faster than in rainbow or brook trout for a given 

stage of epiboly development, faster than Ballard predicted for any salmonid.
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Figure 1.1. Odd- and even-broodyear F2 pink salmon egg preserved at Ballard’s (1973) 

Stage 13. Unlike the dissected egg pictured here, many had germ ring openings that 

were more advanced (completely closed). Divisions on ruler in background are 

millimeters.
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Table 1.1. Mean and sample variance of untransformed area of germ ring opening 

estimates and Ballard’s stages data for odd- and even-broodyear F2 crosses: control 

females x control males (CxC) and hybrid female x hybrid male (HxH) produced 11 

September and 13 September 1994. Medians of the area of germ ring opening estimates 

and Ballard’s stages were not significantly different (two-tailed Mann-Whitney U test). 

The low mean and median values indicate that most of the embryos had reached 

complete epiboly. Area sample variances differed between crosses (Levene’s test of 

homogeneity of variance). Analyses significant at a  <0.10 are in bold typeface.

CxC HxH /?(test)

Sample size 246 385

Area mean 2.78 2.05

Area median 0.0 0.5 0.134

Area sample variance 31.03 13.93 0.028

Ballard mean 12.52 12.58

Ballard median 13 13 0.424

Ballard sample variance 0.50 0.43 0.284



29

Table 1.2. Significance probabilities of effects, estimated by mixed model analyses on 

development stage of pink salmon embryos. Stages estimated by measurement of germ 

ring opening 20 days after fertilization, or according to Ballard’s index of development. 

The effects modeled include date (embryos were fertilized on two days in 1994), cross 

(F2 hybrids vs. F2 controls, control female by hybrid male vs. hybrid female by control 

male), block (factorial mating of two females and two males), sire, dam, sire by dam 

interaction, and replicate (families split in half and incubated in two randomly-assigned 

positions within incubators). The variables in parentheses are nested within the 

preceding factors. Analyses significant at a  <0.10 are in bold typeface.

Crosses or backcrosses compared 

Response variable

F2 crosses 

Area

F2 crosses 

Ballard

backcrosses

Area

backcrosses

Ballard

Date 0.3345 0.2765 0.1261 0.1133

Cross 0.9905 0.7209 0.8948 0.8892

Date* Cross 0.7047 0.8297 0.4382 0.5247

Block(Cross) 0.5363 0.4948 0.8552 0.9053

Sire(Cross Block) 0.7615 0.8798 0.6770 0.3617

Dam(Cross Block) 0.0301 0.0094 0.0199 0.0103

Sire*Dam(Cross Block) 0.0617 0.1250 0.8365 0.7220

Replicate(Cross Block Sire Dam) 0.1227 0.5481 0.0058 0.0358



Appendix 1.1. SAS code used in the mixed model nested analysis of variance with 

interactions for a replicated partially-factorial mating design to estimate date, cross, date 

by cross interaction, block, sire, dam, and sire by dam interaction effects in timing of 

development epiboly. The response variable in this case was “Ballard” for Ballard 

score data. Date, cross, and date by cross were fixed effects. The nobound option was 

used.

proc mixed covtest nobound; 

class date treat block dam sire rep; 

model Ballard=date treat date*treat;

random block(date treat) dam(date treat block) sire(date treat block) 

dam*sire(date treat block) rep(date treat block dam sire);

run;
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Chapter 2 - Differences in hatching times of first- and second-generation 

geographic hybrids of pink salmon (Oncorhynchus gorbuscha)2

Synopsis

We analyzed the hatching times of hybrids of two geographically separate pink salmon 

(Oncorhynchus gorbuscha) populations. In two independent broodlines, 1996 and 

1997, we made Fi hybrids from Auke Creek (Juneau, Alaska) females and Pillar Creek 

(Kodiak, Alaska, approximately 1000 km away) males and Fi controls from crosses of 

Auke Creek females and Auke Creek males, and incubated them in Auke Creek 

Hatchery. From those Fi crosses, we made F2 hybrid female x hybrid male crosses, F2 

control x control crosses, and both types of backcrosses (hybrid female x control male 

and control female x hybrid male). In 2001, we also made hybrids between Pillar Creek 

females and Auke Creek males. Pillar Creek females crossed with Pillar Creek males 

were controls. Both were incubated at Pillar Creek Hatchery. In all broodyears in both 

locations, families with more Pillar Creek genes (e.g. Auke Creek female by Pillar 

Creek male crosses and Pillar Creek female by Pillar Creek male crosses) accumulated 

more temperature units to reach midhatch than their counterpart crosses (Auke Creek 

female by Auke Creek male crosses at Auke Creek Hatchery and Pillar Creek female by 

Auke Creek male crosses at Pillar Creek Hatchery). Backcrosses accumulated 

intermediate numbers of temperature units to those of the hybrid and control crosses.

2 Ivan A. Wang, Sara E. Gilk, William W. Smoker & Anthony J. Gharrett. A 
manuscript for submission to Environmental Biology of Fishes.
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These results indicate a genetic basis for local adaptation to hatching time and the 

potential for outbreeding depression. Comparing hatching times for F2 crosses and 

backcrosses showed how the two possible genetic mechanisms of outbreeding 

depression influenced the observed differences. Neither accumulated locus-by-locus 

(additive) effects nor epistatic effects could, by themselves, explain the observed 

differences. Risk assessment and prudent management of salmon populations in which 

there is potential to intercross requires knowledge of biogeo graphical history as well as 

genetic structure of the populations.

Introduction

Restoring and maintaining healthy populations of Pacific salmon concerns nations 

around the northern Pacific Rim. One risk to be assessed in conserving salmon 

populations results from intraspecific hybridization, which can result from either 

stocking or, artificial culture activities (Hindar et al. 1991, Gharrett & Smoker 1993). If 

individuals from genetically different salmon populations intercross, theory and 

growing evidence predict a reduction in fitness may occur (Shields 1982, Templeton 

1986, Emlen 1991, Lynch 1991, Gharrett & Smoker 1991, Gharrett et al. 1999, Gilk et 

al. 2004); this phenomenon is called outbreeding depression (Shields 1982). 

Understanding the potential effects of outbreeding depression is important to prudent 

salmon conservation and management.

There are two models that explain how outbreeding depression can occur: 

accumulated locus-by-locus effects (Templeton 1986, Lynch 1991, Emlen 1991) and
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epistatic effects (Shields 1982, Templeton 1986, Emlen 1991, Lynch 1991). Elements 

from both models can be at work simultaneously. The environmental (or locus-by- 

locus) model for outbreeding depression explains that individuals with a collection of 

genes independently working well together would be selected. This model states that 

populations adapt to different local environmental regimes over time and predicts that 

hybrids of populations adapted to different environmental regimes would be most fit in 

an intermediate environment and would probably have lower fitness in both parental 

environments. The environmental model predicts outbreeding depression would occur 

in Fi and later generations and persist until selection reduced deleterious alleles for a 

given environment.

The epistatic (or genetic) model for outbreeding depression is based on the idea 

that individuals possess “coadapted genomes”, complexes of epistatic genes that are 

adapted to a given habitat (Shields 1982, Templeton 1986, Emlen 1991, Lynch 1991). 

The genetic model describes that individuals with gene complexes adapted for a given 

environment would be selected and individuals with gene complexes disrupted by 

outbreeding would be less fit. According to this model one would not necessarily 

predict reduced fitness in Fi hybrids because each individual possesses a complete copy 

of a coadapted genome from each parent. Furthermore, an increase in fitness may be 

observed in Fi hybrids due to heterosis. However, a reduction in fitness would be 

expected in the F2 and later generations from the disruption of coadapted gene 

complexes through the independent assortment of genes during meiosis. The number, 

type, and degree of difference and extent of linkage between exchanged genes would



34

determine the magnitude of fitness reduction (Shields 1982). Evidence from Hebert 

(1994), Goddard (1995), and Hebert et al. (1998) of genotype by environment effects 

implies that epistatic outbreeding depression could be important.

A number of components contribute to fitness in any organism. Marine survival 

(fry to adult) is a common measure of fitness for anadromous salmon. Heard (1991) 

documented pink salmon marine survival rates ranging from 0.2 to 23.1%. A less 

common measure of fitness, yet equally important, is freshwater survival (fertilization 

to emergence). Not only can levels of freshwater survival be similar in magnitude to 

marine survival (Heard 1991) but embryonic development timing can also affect fitness 

later in life (Taylor 1980). Studies of embryonic timing of development have shown 

there are genetic and environmental factors influencing development time in pink 

salmon (Beacham & Murray 1986, Joyce 1986, Beacham 1988, Herbert 1994, Goddard 

1995, Hebert et al. 1998). Outbreeding can alter a population’s genetic blueprint for 

embryonic timing of development, potentially leading to outbreeding depression.

Outbreeding depression has been documented in many taxa (Hemmingsen et al. 

1986, Gharrett & Smoker 1991, Parker 1992, De Meester 1993, Phillip & Claussen 

1995, Ruckelshaus 1995, Armbruster 1997, Edmands 1999, Gharrett et al. 1999, and 

Gilk et al. 2004). For salmon, one example of outbreeding depression was seen in 

hybrids from the three distinct populations of coho salmon (Oncorhynchus kisutch).

The study showed susceptibility to the parasite Ceratomyxa shasta intermediate to the 

parental strains (Hemmingsen et al. 1986), the result expected if locus-by-locus effects 

control resistance to that parasite. Other examples of outbreeding depression were from
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pink salmon (O. gorbuscha) hybrids between broodyears (Gharrett and Smoker 1991; 

Gharrett et al. 1999) and between spatially separate populations of the same broodyear 

(Gilk et al. 2004). All three studies detected reduced fitness, measured as marine 

survival, in the F2 hybrids, consistent with the coadapted genome type of outbreeding 

depression. Gilk et al. also detected reduced fitness in Fi hybrids, consistent with the 

locus-by-locus model of outbreeding depression.

This study obtained data from the same individuals used to measure survival 

rates in Fi and F2 hybrid crosses between geographically separated pink salmon 

populations (Gilk et al. 2004). Here we examined a fitness-related trait, hatching time, 

which is subject to selection from fall stream conditions, instream incubation 

temperatures (Hebert et al. 1998), and timing of food availability in the estuarine 

environment in the spring (Taylor 1980, Mortensen et al. 2000). This allowed us to 

examine whether differences in local adaptation between the test populations, measured 

as hatching time, could be detected. We compared hatching times in Fi hybrid and 

control crosses, in F2 hybrid and control crosses, in the two types of backcrosses, and 

between the backcrosses and F2 hybrid and control crosses. We analyzed the variance 

of hatching times with a nonparametric resampling program, which allowed us to 

explore possible genetic mechanisms for observed differences.
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Methods

Source Populations

We crossed two geographically separated populations of pink salmon in each of two 

genetically independent broodlines; Pillar Creek on Kodiak Island, AK (57.81°N, 

152.42°W) is 1,048 km (great circle distance) from Auke Creek near Juneau, AK 

(58.38°N, 134.64°W). These creeks were chosen because their pink salmon runs have 

overlapping run timing, they are at similar latitudes, and their geographic separation 

precludes direct gene flow between them. Population sizes for Auke Creek range 

between 2,000 and 30,0003 and for Pillar Creek between 1,000 and 40,0004.

Auke Creek is a lake-fed stream of moderate gradient that is 700 m in length. 

Pillar Creek is a reservoir-fed stream of low gradient that is roughly 1,800 m in length. 

Occasionally, Pillar5 and Auke Creek (Fukushima and Smoker 1997) run dry in July or 

August. Pillar Creek is historically colder than Auke Creek by one to two degrees 

(Celsius) between August and November, the typical times of spawning and hatching 

(Figure 2.1).

3 Taylor, S.G. & J.L. Lum. 2002. Auke Creek Weir 2001 Annual Report, Operations, Fish Counts, and 
Historical Summaries. Unpublished Report 30p. National Marine Fisheries Service. Auke Bay 
Laboratory, 11305 Glacier Hwy, Juneau, AK 99801-8626.
4

Vining, I.W. & K. Brennan. 2001. The use of preemergent fry sampling data for predicting Kodiak 
pink salmon returns, 1963 to 2000: a statistical evaluation. Alaska Department of Fish and Game, 
Division of Commercial Fisheries, Regional Information Report 4K01-4. Kodiak, pp. 179-239.

5 Vining, I.W. & K. Brennan. 2001. The use of preemergent fry sampling data for predicting Kodiak 
pink salmon returns, 1963 to 2000: a statistical evaluation. Alaska Department of Fish and Game, 
Division of Commercial Fisheries, Regional Information Report 4K01-4. Kodiak, pp. 179-239.



F/ Matings and Incubation

At Auke Creek Hatchery, on both 29 August 1996 and 2 September 1997, we used 40 

Auke Creek females to make Fj crosses (Table 2.1). The F] controls were produced 

with 40 Auke Creek males and F( hybrids were produced with 40 Pillar Creek males. 

Semen from Pillar Creek males was taken on the days before crosses were made, 

whereas semen from Auke Creek males was taken on the same dates the crosses were 

made. We used a 2x2 replicated-incomplete-factorial mating design. Each of two Pillar 

Creek males and two Auke Creek males were crossed with two Auke Creek females to 

produce a block of the eight possible families; the block was repeated twenty times to 

produce 80 control and 80 hybrid families. The design was intended for quantitative 

genetics analyses not reported here. Zygotes from each family were divided by eye into 

two equal replicate groups in FAL™ (Marisource, Milton, WA) vertical incubator stacks 

with 16 trays per stack. Each tray was divided into 10 cells with acrylic dividers.

Control and hybrid fish were incubated in separate incubator stacks. We randomly 

assigned family replicates to cells in the incubators.

Both hybrid and control incubators received Auke Creek hatchery water from 

the same pipe. Water flows for each stack were set to approximately 8 1/min before the 

eyed stage and 23 1/min thereafter. Loading densities were approximately 2,000 

eggs/tray in the vertical 16 tray incubators. Water temperatures were recorded daily to 

the nearest 0.1°C. We treated the incubating eggs once a week with formaldehyde 

(1:6,000 in static water) for one-hour periods prior to hatching to reduce fungus and
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hydra infestations. There were no obvious differences (data not shown) in pre-hatching 

mortality rates between crosses within an experiment.

Hybrid and control fry were marked with different pelvic fin excisions and 

released to Auke Creek at high tide after dark at or near the peak of natural pink salmon 

emigration from Auke Creek, between mid-April and early May. Pelvic fin clips 

assigned to hybrid and control crosses were reversed for the odd-year experiment.

At Pillar Creek Hatchery On 6 September 2001, we crossed 20 Pillar Creek 

females with 20 Pillar Creek males to make Fi control crosses and fertilized the eggs 

from the same 20 Pillar Creek females with semen from 20 Auke Creek males to make 

the Fi hybrid crosses (Table 2.1). Semen from Auke Creek males was taken the day 

before crosses were made, and semen from Pillar Creek males was taken on the same 

day the crosses were made. We used a single-pair mating design.

The zygotes were incubated in one FAL™ vertical incubator stack with four 

trays, two containing hybrids and two containing controls. The incubating eggs 

received Pillar Creek Hatchery water. Each tray was divided into 10 cells with acrylic 

dividers. Each family was incubated in a single cell. We treated the incubating eggs 

twice a week with formaldehyde prior to hatching. Water temperatures were recorded 

daily to the nearest 0.1°C. One of the males used in the Pillar Creek Hatchery 

experiment was infertile. Fish from the Pillar Creek Hatchery experiment were not 

released to sea.
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Fj Matings and Incubation

Returning Fi adults were collected at the Auke Creek Hatchery weir and sorted into four 

net pens according to fin clip (experimental group) and sex where they were held. 

Matings were conducted on two occasions for each broodline four or five days apart.

The mating protocol used parents with similar return date and maturation dates. 

Consequently parent choice may have been biased with respect to return and maturation 

dates because some early returning fish were not mature on the first spawn date and 

died before the second spawn date. Therefore, the broodstock used to produce the F2 

crosses on a given spawn date may not have been a completely random sample of the 

return timing of Fi adults.

On both 28 August 1998 and 1 September 1998 for the even-year experiment 

and on both 4 September 1999 and 8 September 1999 for the odd-year experiment, we 

made F2 crosses from ripe Fi adults (Table 2.1). On each day, we used a 2x2 replicated 

incomplete factorial mating design to make F2 control crosses [control females (C$) x 

control males (C<j)] and F2 hybrid crosses [hybrid females (H$) x hybrid males (H^)] 

with twenty each of control females, control males, hybrid females, and hybrid males. 

With gametes from the same individuals, we also made both types of backcrosses: 

hybrid females x control males (H? x Q )  and control females x hybrid males (C? x H^) 

at both early and late spawning dates in each year.

The same procedures were used to incubate the F2 crosses as were used for the 

Fj crosses except that four vertical stacks with 16 divided trays were required. As 

before, each type of F2 cross and backcross was incubated in a separate incubation
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stack. Zygotes from each family were divided by eye into two equal replicates. 

Replicate groups of eggs of a cross were randomly assigned to different compartments 

within a stack: each type of cross was assigned to a separate stack. Zygotes produced 

on the first spawning dates were assigned to the lower half of their stacks and zygotes 

made on the second spawning dates were assigned to the upper half of their stacks. 

Temperatures did not differ substantially within or between incubation stacks 

throughout the experiment. For example, in broodyear 1998 temperatures in the tops 

and the bottoms of the stacks typically differed by 0.1°C at most and cumulative 

temperatures were 168.1 ± 0.1 °C in all four stacks for the two months prior to hatching. 

There were no obvious differences in pre-hatching mortality rates between crosses 

within an experiment.

Fi and F2 Observations

We determined the midhatch date, defined as the first date on which 50% or more of the 

eggs in a cell hatched, for each replicate. From before hatching began (early 

November) until hatching ended (mid December), we made daily observations of the 

number of eggs that had hatched in each incubation cell and estimated the proportion to 

the nearest 10%. The midhatch dates of Fi crosses made at Pillar Creek were also 

recorded.

Fi Analysis

The mating design used in the Auke Creek Hatchery experiment was not intended for 

this analysis and included potentially correlated results between half-sib families in the



2x2 factorial block design. Consequently, we eliminated the half-sib correlations by 

analyzing only full sib families. To reduce the data to single families, we used a 

resampling program that randomly chose midhatch data from four families, two 

unrelated hybrid and two unrelated control families, from each block of eight. From 

these data we calculated the differences in accumulated temperature units (ATUs, sum 

of daily water tempertures) between the days of fertilization and midhatch between 

control and hybrid crosses. The program randomly chose one of two available control 

males and one of two available hybrid males for each female and randomly chose the 

midhatch date from one of the two available replicates for each family.

For each cross, we produced 20,000 bootstrap means from which we calculated 

the proportion of times (out of 20,000) that the hatching times of the hybrids exceeded 

the hatching times of the controls. For the few incubator cells in which all fish died 

before hatching, midhatch data from families within a block were substituted in one of 

two ways. First, if one replicate of a family died, the hatching data from the other 

replicate was substituted for the blank replicate; and second, if neither replicate from a 

family survived to hatching, the data from the other male within the cross was 

substituted. When both families within a cross for a given female died before hatching, 

the entire block of eight families was removed from the analysis. In broodyears 1996 

and 1997, we substituted hatching data for families incurring 100% mortality before 

hatching in fewer than 2% of the families.

For the crosses evaluated at Pillar Creek Hatchery, we used a Mann-Whitney 

Rank Sum r-Test (SigmaStat, SPSS Science, Chicago) to compare the ATUs to
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midhatch for the two groups because assumptions for normality and equal variance 

were not met. We removed from the analysis the single family from the Pillar Creek 

Hatchery experiment that had 100% mortality before hatching.

F2 Analysis

We used the same methods for analysis of F2 crosses as for the Fi data with the addition 

of tests involving the backcrosses. The F2 crosses and backcrosses provided an 

opportunity to evaluate the extent to which accumulation of effects at individual loci (as 

opposed to epistatic interactions) express the timing of midhatch as a phenotype.

Control fish have only Auke Creek genes; their genome structure remained intact. In 

contrast, Fi hybrids carry a complete haploid copy of each parents’ genome; one from 

Auke Creek and the other from Pillar Creek. In F2 hybrids, however, assortment of 

alleles at each locus will result in an average of 25% of the loci carrying only Auke 

Creek alleles, 25% carrying only Pillar Creek alleles, and 50% carrying one allele from 

each source; both Auke Creek and Pillar Creek genomes are disrupted in the F2 hybrids. 

If hatch timing is solely determined by locus-by-locus effects, Fi and F2 hybrids should 

hatch at identical times, all else being equal (Armbruster 1997). In both backcrosses, 

75% of the alleles, at least one at each locus, were derived from Auke Creek. In both 

backcrosses, one haploid set of alleles from Auke Creek remains intact. If timing of 

mid-hatch is controlled entirely by accumulated effects at all loci, we would expect 

timing of mid-hatch in the backcrosses to be intermediate between the timing of the F2 

controls and F2 hybrids. Alternatively, if timing of midhatch results from epistatic
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interactions, we would expect the backcrosses to resemble the Auke Creek controls 

phenotypically.

We constructed a simple test that evaluated the relative importance of locus-by- 

locus contributions or epistatic interactions to phenotype (Armbruster 1997). The 

effects from all loci involved in hatch timing contribute to the phenotype of an 

individual. Individuals from our experimental groups provided several different 

possible combinations of alleles affecting hatch timing. Comparing the backcrosses to 

the F2 controls and F2 hybrids could give us insight into what proportion of the 

phenotypic differences can be attributed to locus-by-locus contributions versus epistatic 

interactions. First we tested for differences between the two backcrosses, H? x Q  and 

C9 x FU, to determine if there is directionality for midhatch timing. Since differences 

in ATUs at midhatch between the backcrosses within a year could be in either direction, 

we estimated 95% confidence intervals from the resampled distributions to test the two- 

tailed hypothesis of no difference.

Then we compared the average of the backcrosses to the F2 hybrids and F2 

controls. The F2 hybrids and F2 controls lumped together as a group, as well as each of 

the two types of backcrosses, have on average 25% of their genes from Pillar Creek 

ancestors. Therefore, if differences in ATUs to midhatch were from purely epistatic 

effects, the average value of the backcrosses would have equaled the value of the 

control crosses (Armbruster 1997); that is, the expectation of the average difference 

between the F2 control and average of the backcrosses would have been zero (Figure 

2.2). The resampling program we used calculated the proportion of times the average of
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the midhatch time in the backcrosses exceeded those of the controls in the block; that is, 

the proportion of times the expectations for epistatic interactions were exceeded (which 

would indicate a locus-by-locus contribution). Likewise, if differences in ATUs to 

midhatch resulted purely from accumulation of effects at different loci, the average 

value of the backcrosses would have equaled the midpoint between the value of the 

control crosses and hybrid crosses (their mean); that is, the expectation of the difference 

between the average of the F2 controls and hybrids and the average of the backcrosses 

would have been zero (Figure 2.2). The resampling program we used calculated the 

proportion of times the average of the midhatch time in the backcrosses was less than 

the average of those of the F2 controls and F2 hybrids in the block; that is, the proportion 

of times they were less than expectations for locus-by-locus effects (which would 

indicate an epistatic contribution to phenotype, Figure 2.2).

In both broodyears, for families that reached 100% mortality before hatching 

(which occurred in less than 2% of all families), we substituted hatching data from the 

nearest genetic relation.

Analyses of microsatellite loci of the fish used to create the Fi and F2 crosses 

showed us that seven wild Auke Creek pink salmon were misidentified as experimental 

fish and used in the 1999 broodyear of F2 crosses (Gilk et al. 2004). Those families, 8% 

of all families for the first spawn date and 6% of the families for the second spawn date, 

were removed from the analysis.
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Results

Fi hybrids and controls

In the Auke Creek Hatchery experiments, hybrids between Pillar Creek and 

Auke Creek fish required approximately 20 more ATUs to reach midhatch than Auke 

Creek controls in the Auke Creek temperature regime in both broodyears 1996 and 

1997 (Table 2.2). Temperatures were higher for broodyear 1997 than for 1996 so 

higher ATUs to reach a given stage would be expected (Table 2.2, Jensen & Jensen 

2002).

There were two main differences between the Auke Creek Hatchery and the 

Pillar Creek Hatchery experiments. The first difference was the origin of the females. 

The Auke Creek Hatchery experiment used Auke Creek females and the Pillar Creek 

Hatchery experiment used Pillar Creek females. The second difference was the 

temperature regime the embryos experienced (Auke Creek Hatchery and Pillar Creek 

Hatchery, respectively). In spite of those differences, we observed the same trend in the 

reciprocal Pillar Creek Hatchery experiment as in the Auke Creek Hatchery 

experiments; offspring from Pillar Creek males required more ATUs to reach midhatch 

than the offspring from Auke Creek males (p <0.001, Mann Whitney Rank Sum Test, 

T=200.5).

F2 Analysis

The differences between times to midhatch of the F2 hybrid and control crosses were 

similar to what we observed in Fi crosses. F2 hybrids (Hj x H^) required 10 to 15 more
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ATUs to reach hatching than F2 controls (C? x C<y, Table 2.2 & Figure 2.4). We also 

observed differences in between F2 crosses between broodyears and between F, and F2 

crosses within a broodline but this might be attributed to temperature regime differences 

between broodyears (Table 2.2, Jensen & Jensen 2002).

We observed a number of trends in the two types of backcrosses, both of which 

had on average three-fourths of their genes of Auke Creek origins. Both types of 

backcrosses were intermediate to the F2 hybrids and F2 controls but generally closer to 

the F2 controls (Figure 2.4). The two types of backcrosses from a given spawning date 

differed significantly from each other in both broodyears and both spawning dates 

(Table 2.3). The maternal hybrid backcross (H§ x C<j) families, in the early spawn date 

of broodyear 1998, took more ATUs (p «0 .001) to reach hatching than the paternal 

hybrid backcross (C? x H<j) families but took less ATUs (p <0.05) to reach hatching in 

the late spawn date of broodyear 1998. The same trend was observed in broodyear 

1999. The maternal hybrid backcross families, in the early spawn date of broodyear 

1999, took more ATUs (p <0.05) to reach hatching than the paternal hybrid backcross 

families but took less ATUs (p <0.05) to reach hatching in the late spawn date of 

broodyear 1999.

Based on the comparisons of hatching times between backcrosses and crosses, 

neither model of outbreeding depression by itself could explain the observed differences 

in hatching times. In three out of four spawn dates, the resampled average ATUs were 

intermediate to values expected for both locus-by-locus and epistatic effects (Table 2.4). 

For the 9 September 1999 spawn date, the average values for ATUs were that which
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would be expected if only locus-by-locus effects occurred (Table 2.4) but different from 

the expectation for epistatic effects (p< 0.001). In other words, both locus-by-locus and 

epistatic types of outbreeding depression affected hatching times.

Discussion

The primary objectives of this study were to look for evidence of differences in 

local adaptation, measured by hatching times, between hybrid and control crosses of the 

test populations and to examine the genetic mechanism(s) responsible for any 

differences observed. Although we chose two source populations with similar run times 

and whose habitats were similar in latitude, they have experienced, and presumably 

adapted to, different temperature regimes within their natal streams and likely different 

seasonal patterns of productivity in estuaries. Besides environmental adaptation, 

genetic drift probably contributed to genetic differences between the test populations. 

Consequently, it is not surprising that there were genetic differences between the two 

test populations used in this study. Allele frequency differences have been reported at 

microsatellite loci between these populations: Gilk et al. (2004) observed significant 

heterogeneity among allele frequencies at two microsatellite loci in the even-broodyear 

(1996) parents and at four loci in the odd-broodyear (1997) parents. In both broodyears, 

the combined probabilities over all loci were less than 0.0001 for overall allele 

frequency homogeneity between the two source populations. Allozyme analysis also 

showed significant differences between populations in both broodyears (data not 

shown), but the divergence was not as strong as observed for the microsatellite loci.



Variation in expression of embryonic development traits, like hatching, can have 

a genetic component. Beacham (1988) and Hebert et al. (1998) reported genetic 

variability in pink salmon associated with hatching time. Beacham (1988) partitioned 

phenotypic variation in pink salmon hatching time and determined that maternal, 

additive (locus-by-locus), and genotype-by-environment effects were the primary 

components of the differences in hatching times he observed among different 

populations. He estimated heritabilities for hatching time in pink salmon ranging from 

0.41 for eggs incubated at 4°C to 0.83 for eggs incubated at 16°C. Hebert et al. (1998) 

observed additive genetic variation in hatching times for some of the temperature 

regimes tested. From this knowledge, we could expect that genetic differences might 

give rise to differences in hatching times between the populations studied.

We did observe differences in hatching times between the populations studied.

In the Auke Creek Hatchery experiments, hybrid and control crosses differed. The 

offspring from Pillar Creek males (Fi and F2 hybrids, crossed with Auke Creek females) 

accumulated more thermal units at hatching than offspring with Auke Creek males (Fi 

and F2 controls, crossed with Auke Creek females). Likewise, in the Pillar Creek 

Hatchery experiment, the control offspring from Pillar Creek males and Pillar Creek 

females accumulated more thermal units at hatching than did offspring of hybrids 

between Auke Creek males and Pillar Creek females. Regardless of the source of the 

females (Auke Creek or Pillar Creek) or in which temperature regime embryos were 

incubated, differences in hatching times depended on the dosage of Pillar Creek and 

Auke Creek genes. This demonstrates that the difference in hatching has a genetic basis



because in each experimental cross the difference resulted from the paternal 

contribution. Reciprocal maternal crosses (e.g. incubating Pillar Creek eggs at Auke 

Creek) were not produced, but based on the dam by temperature regime effects reported 

by Hebert et al. (1998), we could predict that reciprocal maternal crosses would also 

show differences in hatching times.

For a given cross, differences in hatching times between broodyears, between 

spawn dates within a broodyear, and between Fi and F2 crosses within a broodline (i.e. 

broodyear 1997 to broodyear 1999, Table 2.2) were consistent with Jensen & Jensen’s 

(2002) predictive model for development and Goddard’s (1995) observations.

Although warmer temperatures alone could account for greater accumulation of 

temperature units for a given cross to reach midhatch in between-year, within-year, and 

within-broodline comparisions, genetic differences may also have been involved.

Tests comparing hatching times of crosses and backcrosses were designed to 

show whether the differences in hatching times for a given spawn date were due to 

locus-by-locus effects, to epistatic effects, or to a mixture of the two. The tests 

generally demonstrated that both effects contributed to observed differences in hatching 

(Table 2.4). The backcrosses from the Auke Creek Hatchery experiments yielded three 

insights into genetic mechanisms affecting hatching time. First, within a spawn date the 

backcrosses differed from each other (Table 2.3). This would not be expected if only 

locus-by-locus effects were at work. Since in theory both types of backcrosses had, on 

average, the same number of genes from the donor and recipient populations, we can 

speculate that differences observed in hatching time between the two types of

49



backcrosses may have resulted from sex-associated effects of an epistatic nature, 

possibly maternal effects. This does not mean that locus-by-locus effects do not 

contribute to differences in hatching times. This comparison merely isolates one of the 

mechanisms at work.

Second, also within a spawn date, backcrosses differed (Figure 2.4) from control 

and hybrid crosses. The hatching profiles of the backcrosses (Figure 2.4) were 

generally intermediate between the control and hybrid crosses but closer to the control 

crosses. The females used to make the control crosses and both types of backcrosses 

were the same individuals (Figure 2.4), so differences in hatching profiles between a 

backcross and its corresponding cross resulted from paternal effects. Consequently, this 

contrast can be attributed to genetic rather than environmental effects.

Third, between spawn dates within a year for both years, the H? x Q  offspring 

hatched significantly earlier in the early spawn dates and later in the later spawn dates. 

This may be due to genotype-by-environment effects or stochastic effects from small 

sample sizes or bias in choice of F2 parents. The implications, however, are that 

interannual environmental variation of incubation habitat would make prediction of 

effects difficult.

Given the complexity of the mechanisms that determine hatching times, the 

results of intercrossing genetically distinct populations would be difficult to predict.

While outbreeding can increase genetic diversity, caution is warranted in situations 

where populations of salmon with large genetic differences may have artificially 

induced ability to intercross, because it is likely or possible long-term reduction in
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fitness would result. Two types of data would be needed to make an informed decision 

about the risk involved in intercrosses of salmon populations. The first is the relatively 

easily acquired data describing the physical parameters of the freshwater residences of 

the populations in question and the second is data acquired by the more challenging task 

of cataloging the genetic structure of the populations and predicting what effect any 

genetic differences may have on fitness. Given this, caution should be used in applying 

our results. Whereas the geographic distance between the source populations in our 

experiments was larger than most artificial hybridizations would likely entail, it is not 

clear to what extent geographic distance (Edmands 1999) and physical parameters of 

incubation habitat are accurate estimators of genetic divergence, the cause of the 

differences we observed. There are two potential forces that probably contributed to the 

genetic differences between the source populations, local adaptation and genetic drift.

It is likely that both forces shaped the genetic structure of our test populations, although 

it is possible one or the other predominates. Consequently, other populations with 

different genetic structures might not be expected to respond in a similar fashion.
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Figure 2.1. Temperatures from fertilization to hatching in four years of experiments and the historical averages 
from Auke and Pillar Creeks.
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ATUs for backcross ATUs for backcross

midhatch if midhatch if
purely epistatic effects purely locus-by-locus

I I
a x i  l _  u  _ l  I

a c b
ATUs for F2 Average of ATUs for ATUs for F2

control midhatch F2 control and hybrid midhatch hybrid midhatch

(a) F2 control (C x C ) ATUs to midhatch
(b) F2 hybrid (H x HJ ATUs to midhatch
(c) Average of F2 control and hybrid [(H x H + C x CJ/2] ATUs to midhatch

-If purely locus-by-locus effects were seen, the backcrosses (H x C and C x HJ would 
fall at (c).

-If purely epistatic effects were seen, the average of the backcrosses’ ATUs minus the 

controls' ATUs [(H x C + C x HJ/2 - C_ x C ] would fall at (a).
-Because there can be no loci homozygous for Pillar Creek alleles, the backcrosses' 

ATUs should lie between (a) & (c), away from (b).

Figure 2.2. Expected ATUs required for backcrosses, relative to F2 controls and F2 hybrids, to reach midhatch for 
two alternative mechanisms of inheritance: locus-by-locus and epistatic effects.



Even-broodline experiment 
fertilized August 29,1996
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Odd-broodline experiment 
fertilized September 3,1997
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Figure 2.3. Cummulative proportion of families reaching midhatch 
according to accumulated temperature units (ATUs) in Fj hybrid (Auke 
Cr. by Pillar Cr.) and control (Auke Cr. by Auke Cr.) crosses in two 
independent broodlines.



Even-broodline experiment 
fertilized August 28,1998

Even-broodline experiment 
fertilized September 1,1998
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Odd-broodline experiment 
fertilized Septem ber^ 1999

Odd-broodline experiment 
fertilized September 9,1999
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Figure 2.4. Cummulative proportion of families reaching midhatch according to accumulated temperature units 
(ATUs) in F2 hybrid by hybrid (HxH) and control by control (CxC) crosses and in hybrid by control (HxC) and control 
by hybrid (CxH) backcrosses in two independent broodlines.
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Table 2 .1 .The Fi and F2 pink salmon crosses, including the date and numbers offish used. Controls (Auke Cr$ x 

Auke Cr̂ >) and hybrids (Auke Crc x Pillar Crc?) were produced in the Fi experiments. F2 control x control crosses 

(C? x C(j) and hybrid x hybrid crosses (H$ x H j) were produced on two spawning dates in both even and odd 

broodyears. Dashes denote not part of that broodyear.

Broodyear Generation Spawn date
Even F, 29 Aug 96
Odd F, 3 Sep 97
Even f 2 28 Aug 98
Even f 2 1 Sep 98
Odd f 2 4 Sep 99
Odd f 2 9 Sep 99

Auke Auke Pillar Pillar
Creek Creek Creek Creek

?s c?s $s c?s
40 40 0 40
40 40 0 40
~ - -

Fi Fj F, F,
Control Control Hybrid Hybrid

$s c?S $ S  (Js

20 20 20 20
20 20 20 20
20 20 20 20
20 20 20 20



Table 2.2. Differences in accumulated temperature units (ATUs) to reach various stages of hatching between 

Fi hybrid (H) and Fi control (C) crosses and between F2 HxH and CxC crosses. Resampling analysis showed 

that for all spawn dates Fi hybrids in the Auke Creek Hatchery experiment required more ATUs to reach 

median midhatch than Fi controls (p «0 .001 , all 20,000 iterations) and F2 HxH crosses required more ATUs to 

reach median midhatch than CxC crosses.
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oodyear Generation
Spawn

date

Beginning
of

midhatch
difference

Median
of

midhatch
difference

Ending of 
midhatch 
difference

Fertilization to 
end of hatch 

average 
temperature 

(°C)

Median 
control or 

CxC family 
ATUs to 
midhatch

Median 
hybrid or 

HxH family 
ATUs to 
midhatch

Even F, 29-Aug-96 9 2 1 18 6.9 607 628
Odd Fi 3-Sep-97 15 19 24 7.6 650 669
Even f 2 28-Aug-98 5 15 19 6.7 561 576
Even f 2 1-Sep-98 19 1 1 6 6.4 552 563
Odd f 2 4-Sep-99 15 1 0 14 7.1 630 640
Odd f 2 9-Sep-99 19 13 14 6 . 8 571 584



Table 2.3. Differences in accumulated temperature units to 

midhatch between two types of F2 backcrosses (HgxCj? and 

C^xH^). Results of the bootstrap procedures (20,000 iterations) 

are shown below. F2 experiments were conducted on two 

spawning dates in both even and odd broodyears.

Broodyear Spawn date backcrosses

Even 28 Aug 98 H? x C c?< C s x H /*

Even 1 Sep 98 H? x Q > C ? x H /

Odd 4 Sep 99 H? x Q < C ? x H /
Odd 9 Sep 99 H9  x Cŝ C$> x Hjj

* p <0.05
** p «0 .001
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Table 2.4. Test for locus-by-locus versus epistatic effects. Probabilities for the test of 

locus-by-locus effects are that proportion of bootstrapped differences between 

backcrosses and the average of hybrids and controls that were greater than or equal to 

zero, the expectation for completely locus-by-locus contribution. Probabilities for the 

test of epistatic effects are that proportion of bootstrapped differences between 

backcrosses and controls that were less than or equal to zero, the expectation for 

completely epistatic contribution. Results shown are means from bootstrap procedures 

(20,000 iterations). F2 experiments were conducted with crosses from two spawning 

dates in both even and odd broodyears.

Broodyear Spawn date P(Locus-by-locus only) P(Epistatic only)

Even 28 Aug 98 0.001 <0.001

Even 1 Sep 98 <0.001 0.036

Odd 4 Sep 99 0.001 0.006

Odd 9 Sep 99 0.457 <0.001
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General Conclusions

This research explored whether or not effects of outbreeding salmon could be 

observed in embryonic development timing. Specifically we studied development 

timing at epiboly in odd- and even-year hybrid pink salmon and hatching times in Auke 

Creek/Pillar Creek hybrid pink salmon. Embryonic development timing in salmon is 

important because it has the potential to affect freshwater survival rates. This research 

complements other research that has shown reduced marine survival rates in outbred 

salmon (Gharrett & Smoker 1991, Gharrett et al. 1999, Gilk et al. 2004).

Based on the previous work of others, we hypothesized that we would not see 

effects of outbreeding on development timing at epiboly but that we would see effects 

of outbreeding at hatching. Our hypotheses were confirmed. We observed no genetic 

role in the timing of development to epiboly in second-generation odd- and even- 

broodyear crosses, but we did see a clear genetic role in the development timing at 

hatch. In other words, there was no evidence of outbreeding depression at epiboly but 

there was at hatching.

The observations of development timing at epiboly were similar to the 

observations of Hebert et al. (1998); no paternal effects on development time were 

observed at epiboly. We concluded that the observed dam effect in timing of 

development to epiboly was due to a maternal effect likely from differences in egg 

quality. The replicate effect seen in backcrosses was likely indicative of a difference in 

incubation cell conditions. Although the nonnormality of the data may have increased 

the risk of a Type II error, we believe the interpretation was valid. The SAS Mixed



Models procedure we used is a maximum likelihood-based analysis and relatively 

robust when deviations from assumptions, like normally distributed data, are 

encountered.

The observations of development timing to epiboly differed from those of 

Ballard (1973). We consistently observed differences of three or four stages, according 

to Ballard’s criteria, for epiboly progress compared to morphological progress. These 

observations conflicted with Ballard’s assertion that all salmonids would exhibit 

synchrony within two development stages for various traits.

Since we saw a replicate effect for epiboly development, we conclude that 

caution should be taken in assuming replicate containers provide identical conditions. 

Ways to overcome the problem of differences between replicate containers include 

random assignment and testing for replicate effects, using statistical analyses that 

account for differences in containers (e.g. randomized block designs), or replacing 

containers with ones that are more consistent between replicates.

The hatch time hypothesis was also confirmed. Please note this only tested 

paternal outbreeding. We observed differences in hatching times between the 

populations studied. For both the Auke Creek Hatchery and Pillar Creek Hatchery 

experiments, embryos possessing more Pillar Creek genes took longer to hatch at a 

given temperature. The observed differences between Fi hybrids and controls for a 

given broodyear, in both Auke Creek and Pillar Creek hatcheries and F2 hybrids and 

controls in the Auke Creek hatchery are consistent with Beacham’s (1988) and 

Goddard’s (1995) observations of differences in hatching time for different populations.
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Since the paternal genome does not appear to influence timing of development 

at or before epiboly for pink salmon, further work on the effects of outbreeding salmon 

on freshwater fitness should focus on later stages of development. Some examples 

include studying hatching times in: 1) reciprocal maternal crosses similar to ones done 

for this thesis (i.e. incubating Pillar Creek eggs at Auke Creek and Auke Creek eggs at 

Pillar Creek) to determine if the maternal genome contains regulatory genes adapted to 

a specific temperature regime 2) hybrids of populations that are geographically closer to 

each other to determine if differences in hatching times occur in hybrids between 

populations separated by smaller distances. 3) hybrids of populations from streams with 

very similar temperature regimes but in different geographic areas, and presumably 

different genetic histories, to determine if epistatic effects would predominate in any 

effects observed. Hatching times in coho salmon ( kisutch) have yielded similar 

results (i.e. hybrids were intermediate to parental controls) in first- and second- 

generation crosses (Granath et al. 2004), therefore resources used to answer the 

suggested work might best be used in pink salmon studies first and extended to other 

species later. Other freshwater stages such as button up (emergence) may yield fitness- 

related differences as well.
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