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Abstract The use of captive broodstocks is becoming

more frequently employed as the number of species facing

endangerment or extinction throughout the world increases.

Efforts to rebuild the endangered Snake River sockeye

salmon, Oncorhynchus nerka, population have been ongo-

ing for over a decade, but the use of microsatellite data to

develop inbreeding avoidance matrices is a more recent

component to the program. This study used known genea-

logical relationships among sockeye salmon offspring to

test four different pairwise relatedness estimators and a

maximum-likelihood (M-L) relatedness estimator. The goal

of this study was to develop a breeding strategy with these

estimators that would minimize the loss of genetic diversity,

minimize inbreeding, and determine how returning anad-

romous adults are incorporated into the broodstock along

with full-term hatchery adults. Results of this study indi-

cated that both the Mxy and RQG estimators had the lowest

Type II error rates and the M-L and RR estimators had the

lowest Type I error rates. An approach that utilizes a

combination of estimators may provide the most valuable

information for managers. We recommend that the M-L and

RR methods be used to rank the genetic importance of

returning adults and the Mxy or RQG estimators be used to

determine which fish to pair for spawning. This approach

provides for the best genetic management of this captive,

endangered population and should be generally applicable

to the genetic management of other endangered stocks with

no pedigree.
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Introduction

The use of captive broodstocks is increasing as the number

of species facing endangerment or extinction increases.

Throughout the world, hundreds of species are currently

maintained through captive breeding efforts and this has

resulted in the enhancement and reintroduction to the wild

of many flagship species such as the peregrine falcon (Falco

peregrinus), black-footed ferret (Mustela nigripes), red

wolf (Canis rufus), and California condor (Gymnogyps

californianus) (Wolf et al. 1996). Many fish populations

have also experienced declines and the number threatened

with endangerment has seen a 62% increase in the last

decade (IUCN 2006). This ever-increasing extinction risk

has prompted the use of captive propagation for enhance-

ment and survival of many imperiled fish populations. The

United States Fish and Wildlife Service (USFWS) have

used captive broodstock technology to enhance 30% of the

non-anadromous fish species listed under the Endangered

Species Act (ESA; Johnson and Jensen 1991). There are

currently 26 stocks of anadromous Pacific salmonids

Oncorhynchus spp. listed as threatened or endangered under

the ESA (Pollard and Flagg 2004) and 18 captive brood-

stock programs are in existence for these stocks throughout

North America and Canada (Berejikian et al. 2004).
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A major objective of a captive breeding program is to

maintain the genetic characteristics of the population of

interest in order to maximize success when re-introduction

into the wild becomes feasible (Frankham 1986). Captive

breeding programs can provide a demographic boost to

imperiled fish populations and decrease short-term extinc-

tion risk (Flagg et al. 1995a, b; Berejikian et al. 2004;

Pollard and Flagg 2004). However, these programs have

also been criticized for their potential to negatively impact

genetic variation in captivity through inbreeding depres-

sion, genetic drift, and domestication selection (Vrijenhoek

1998; Woodworth et al. 2002). To address these risks,

captive breeding programs employ strategies to maintain a

large effective population size and to reduce inbreeding

depression and domestication selection. Examples include

equalization of family size (Allendorf 1993; Frankham

et al. 2000; Rodriguez-Ramilo et al. 2006), equalization of

founder representation (Doyle et al. 2001), inbreeding

avoidance (Norris et al. 2000; Woodworth et al. 2002), and

maximizing the effective population size by spawning all

mature adults and performing factorial mating (Fiumera

et al. 2004).

Snake River sockeye salmon O. nerka is one population

that relies on captive propagation for its continued exis-

tence. The Snake River sockeye salmon population is the

last remaining anadromous sockeye salmon population in

the Snake River basin and southernmost population across

its historical range (Cummings et al. 1997; Hebdon et al.

2004). Sockeye salmon returning to Redfish Lake (Idaho)

from the Pacific Ocean also experience the longest

migration (1,448 km) and return to a higher elevation

(2,000 m) than all other sockeye salmon populations. The

Snake River Sockeye Salmon Captive Broodstock Program

(SSCBP) was initiated in 1991 following significant

declines in adult returns (0–8 per year) and the listing of the

species as endangered under the ESA in 1991 (Waples

et al. 1991; USFWS 1992; Flagg et al. 1995a). At this

time, a handful of fish existed in the wild. The captive

broodstock was founded from fish collected as anadromous

returning adults, residual adults, or smolts that were out-

migrating from Redfish Lake (Flagg et al. 1995a, 2004).

Relatedness among these founding fish is unknown and

until recently, the avoidance of mating close relatives was

achieved though differential tagging and rearing of known

family groups in separate tanks. As the number of brood-

stock in the program began to grow, the number of familial

groups increased to that in which tank space was limited

and pedigree information could not as easily be traced.

Beginning in 2004, breeding plans relied on DNA micro-

satellite information instead of pedigree information.

Many captive breeding programs, like the SSCBP, are

hindered by incomplete knowledge of founder relationships

and complexity of pedigree data (Princee 1995). In the

absence of pedigree information, there is a significant risk

to mating close relatives, increasing relatedness, and dis-

torting founder diversity. This can lead to reduced rates of

survival and growth (Kincaid 1983; Su et al. 1996). In fish

and shellfish, inbreeding avoidance can be especially dif-

ficult. The high fecundity characteristic of most fish species

combined with hatchery infrastructure restrictions neces-

sitates that the majority of the offspring of many captive

breeding programs be released back into the wild each

year. This can be detrimental if careful attention is not paid

to the choice of individuals maintained in captivity and if

large numbers of captive fish are released relative to the

wild population (Ryman and Laikre 1991). Furthermore,

the offspring that are released into the wild every year as

eyed-eggs, smolts, and pre-smolts are incorporated back

into the captive broodstock if they survive and return from

the ocean as anadromous adults.

Relatedness can be inferred in two ways: pairwise

methods that are comprised of relatedness coefficients and

likelihood approaches which classify pairs into different

types of relationship categories (Blouin 2003). Currently, an

inbreeding-avoidance matrix using allele-sharing coeffi-

cients is used to guide breeding decisions within the SSCBP

(Baker et al. 2006). However, the utility of this estimator

and comparison to other pairwise estimators has not been

evaluated when applied to sockeye salmon conservation

broodstock management. Pairwise relatedness coefficients

have become an important measure of co-ancestry and have

successfully served as surrogates to pedigree data to infer

levels of relatedness in many studies (Ballou and Lacy 1995;

Blouin et al. 1996; Jones et al. 2002). However, all relat-

edness estimators have large variances due to the chance

sharing of alleles that are identical in state but not identical

by descent and may have large associated error rates (Ritland

1996; Lynch and Ritland 1999; Blouin 2003). The relative

precision and accuracy of the estimator depends upon the

number of loci used, the polymorphisms at the chosen loci,

allele frequency distributions, and the population composi-

tion (Blouin et al. 1996; Lynch and Ritland 1999; Van De

Casteele et al. 2001). High levels of background relatedness

will also introduce bias to the estimation of relatedness

(Kays et al. 2000). Van De Casteele et al. (2001) indicates

that there is no single best-performing estimator and that

different estimators perform best with different population

compositions. Therefore, simulations or empirical data

with known relationship categories are needed to test the

precision, bias, and error associated with each pairwise

relatedness estimator for each population of interest.

In this study, we examined the performance of four

different pairwise relatedness methods and one maximum-

likelihood (M-L) method to estimate relatedness within the

SSCBP. We used offspring from known parental crosses so

that the ability of each estimator to differentiate among
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known genealogical relationships could be tested. Results

from this study will be used to guide the selection of the

most appropriate method to develop inbreeding avoidance

spawning designs for Snake River sockeye salmon.

Methods

Sample collection and DNA extraction

In 2005, 122 females were spawned with 194 males at the

Idaho Department of Fish and Game (IDFG) Eagle Fish

Hatchery. Spawning protocols and sorting procedures are

outlined in Flagg et al. (2004). A partial factorial design

was followed where the eggs from each female were divi-

ded into two or three lots and fertilized with sperm from two

to three different males. Each male was also used to fertilize

three different females (on average). Milt was not pooled to

avoid sperm competition (Withler 1988). In 2005, this

resulted in 358 unique subfamilies. The eggs from each

subfamily were reared in separate incubators for *30 days

at 10�C until the eyed-egg stage of development (300

centigrade temperature units). For DNA extraction, one egg

was taken from 310 of the 358 incubators and two eggs were

taken from 48 of the incubators. This type of sampling was

performed to mimic hatchery practices, where two eggs

from each subfamily are ideally kept within the hatchery

and reared to maturity for spawning (Baker et al. 2006).

The lipid-rich nature of eggs and early embryos can

hinder the recovery of DNA and inhibit polymerase chain

reaction (PCR) amplifications (Cary 1996). A modified

DNA extraction procedure was implemented where the

embryo was removed from the egg by breaking the chorion

and vitelline membrane and excising the yolk sac. The

removed embryo was rinsed with 0.7% saline solution and

then placed in a digestion solution for DNA extraction.

DNA was extracted using a phenol–chloroform method

(Paragamian et al. 1999).

Due to the partial factorial mating scheme, we obtained

genetic data for 48 full-sib dyads (combinations), 586 half-

sib dyads, and *60,000 unrelated dyads from this sam-

pling. Sex of the embryos was not known at this early stage

of development. Also, relatedness for this study was only

considered for the last generation since there were no

pedigree data to make further inferences. Therefore, some

of the unrelated dyads may be unrelated in this generation

but experience some level of shared co-ancestry in earlier

generations of the program.

Microsatellite analyses

Following DNA extraction, each sample was amplified

with 11 microsatellite loci: Oneu114, Oneu112, Oneu115,

Oneu104, Oneu108, Oneu103, One106, Oneu111, One110

(Olsen et al. 2000), Ots103 (Beacham et al. 1998), and

Omy77 (Morris et al. 1996). PCR reaction conditions and

thermocycler protocols are available from the author upon

request. All PCR products were electrophoresed using an

ABI 3100 automated sequencer (Applied Biosystems)

platform. Fragments were sized against GS500 ROX size

standard (Applied Biosystems) using GENEMAPPER

3.5.1 software (Applied Biosystems).

Genetic diversity and information content

Allelic diversity and expected heterozygosity (He) were

calculated for each locus. Deviations from Hardy–

Weinberg equilibrium were assessed using the software

Genepop on the Web (http://www.wbiomed.curtin.edu.

au/genepop/; Raymond and Rousset 1995). Linkage dis-

equilibrium was investigated for all pairs of loci using

Genepop on the Web. A sequential Bonferroni procedure

was used to correct for multiple, simultaneous comparisons

using a = 0.05 (Rice 1989).

The software KinInfor v1.0 (Wang 2006) was used to

calculate the information content of each locus for relat-

edness estimation and simulate the overall power of the set

of microsatellite markers. The information content of each

locus was measured in two ways: Ir and IR where Ir is

informativeness of relatedness as a continuous measure of

identity by descent and IR is informativeness of discrete

relationship categories. Ir and IR were calculated by

assuming that the primary and null hypothetical relation-

ships were full-sibs and unrelated fish, respectively, a prior

Dirichlet distribution of (1,1,1), and by setting the signifi-

cance level at 0.05. This program also ranks loci according

to these measures. A regression analysis of expected

heterozygosity and allelic diversity to rank was performed.

In total, 100,000 dyads were simulated to determine the

power of the set of microsatellite loci. Three genealogical

relationships were evaluated where the primary and null

hypothetical relationships were: (1) full-sibs and un-related

fish (2) half-sibs and un-related fish and (3) full-sibs and

half-sibs. An iterative approach was implemented where

the first round included the highest ranked locus, then the

two highest ranked loci, the three highest ranked loci, and

so on until the power of all 11 loci were evaluated. A prior

Dirichlet distribution of (1,1,1) was assumed, with a

significance level of 0.05, and a precision level of 0.01.

Relatedness estimation

Relatedness values were generated for known dyads using

the four most commonly used pairwise estimators: (1)
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allele-sharing estimator (Mxy; Blouin et al. 1996), (2)

Ritland’s estimator (RR; Ritland 1996), (3) Lynch and

Ritland’s estimator (RLR; Lynch and Ritland 1999), and (4)

Queller and Goodnight’s estimator (RQG; Queller and

Goodnight 1989) using the software Genalex 6.0 (Peakall

and Smouse 2006) and Microsatellite Toolkit v3.1 for

Microsoft excel (Park 2001; available at http://www.

animalgenomics.ucd.ie/sdepark/ms-toolkit/). The distribu-

tion of relatedness values for each estimator was generated

for known full-sibs, half-sibs, and un-related pairs and the

mean and standard deviation were calculated.

For each relatedness estimator, we used the midpoint

between the mean values of any two distributions as the

cutoff point to classify pairs to different relationships as

suggested by Blouin et al. 1996. Type I error rates were

calculated as the percentage of unrelated or half-sibs that

fell to the right of the cutoff point and would be misclas-

sified as full-sibs (or half-sibs for some unrelated pairs) and

Type II error rates were calculated as the percentage of

full-sibs and half-sibs that fell to the left of the cutoff point

and would be misclassified as unrelated. The error rates at a

range of relatedness values besides the midpoint (0.4 to -

0.1) were also calculated to determine if there was a more

optimal cutoff point to not exceed for spawning (thresh-

old). While the midpoint provides a clear demarcation, it

may not be the most appropriate threshold to minimize

inbreeding (Type II error). The probability of selecting a

related pair will decrease as the threshold decreases;

however, insufficient unrelated pairs may be available for

spawning. A higher threshold allows for more choices

among unrelated pairs, but may also increase the error rate

to unacceptable levels. Given these opposing consider-

ations, the threshold value that was selected for this

program was the lowest relatedness value that would both

minimize the error rate but allow for a variety of crosses.

The likelihood that a pair of fish would be classified as

either full-sibs, half-sibs or unrelated was estimated using

the M-L approach implemented by ML-Relate (Kalinowski

et al. 2006). This program calculates the M-L relationship

between a pair of individuals by inserting the probability that

a specific genealogical relationship shares 0, 1, or 2 alleles

into the likelihood equation and determines which rela-

tionship yields the highest likelihood. The proportion of

correctly classified dyads was reported. Fish identified as

parent-offspring pairs were considered to be full-sibs since it

was not possible to have parents and offspring in this dataset

and they share the same mean relatedness coefficients.

Validation of application

To verify that the chosen estimator and threshold could be

realistically applied, we present data for the 2006 spawn

year. At the IDFG Eagle Fish Hatchery, the 2006 spawn

year consisted of 184 females and 183 males. Of these 367

fish, 355 fish were three-year-old adults, nine fish were

two-year-old adults, and three fish were anadromous adults

of unknown age. Using a partial factorial mating scheme,

the adult crosses generated 540 unique subfamilies.

Using genotypic data from the adults spawned in 2006,

allelic diversity and expected heterozygosity (He) were

calculated for each locus. Deviations from Hardy–Wein-

berg equilibrium and linkage disequilibrium were assessed

using the software Genepop on the Web (http://www.

wbiomed.curtin.edu.au/genepop/; Raymond and Rousset

1995). A sequential Bonferroni procedure was used to

correct for multiple, simultaneous comparisons. As

described below in greater detail, we chose to continue

using the Mxy estimator and applied a maximal threshold

value of 0.30 for spawning. The number of pairs that had a

relatedness value of 0.30 or less was reported.

Results

Genetic diversity

For all of the offspring, average He across the 11 loci was

0.75 and ranged from 0.61 for Omy77 to 0.89 for One103

(Table 1). The average number of alleles per locus was 7

and ranged from 4 alleles for One110 to 17 alleles for

One103 (Table 1). Following a sequential Bonferroni cor-

rection, linkage equilibrium was rejected for five pairs of

the loci: One108 and One110, One103 and One111,

One104 and Ots103, One111 and One110, One103 and

One104 and Hardy–Weinberg equilibrium was rejected for

five of the eleven loci. All of these rejected loci (One112,

Table 1 Ranking of loci based upon Ir, IR, expected heterozygosity,

and mean number of alleles per locus for sockeye salmon offspring

(HeO, AO, respectively) and sockeye salmon adults (HeA, AA,

respectively)

Ranking Ir IR HeO AO HeA AA

One103 1 0.16 0.18 0.89 17 0.90 21

One111 2 0.14 0.13 0.80 9 0.85 10

One106 3 0.13 0.12 0.80 9 0.79 9

One114 4 0.12 0.11 0.76 8 0.80 9

One112 5 0.12 0.11 0.76 8 0.85 10

One115 6 0.12 0.11 0.78 6 0.76 7

Ots103 7 0.11 0.10 0.75 6 0.77 7

One108 8 0.10 0.10 0.72 7 0.74 8

One104 9 0.10 0.09 0.71 7 0.76 8

One110 10 0.10 0.08 0.69 4 0.66 5

Omy77 11 0.08 0.07 0.61 5 0.65 4
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One114, One115, One108, One111) were found to be in

heterozygote excess. For the adult sockeye salmon

spawned in 2006, average He across the 11 loci was 0.77

and ranged from 0.65 for Omy77 to 0.90 for One103

(Table 1). The average number of alleles per locus was 9

and ranged from 4 alleles for Omy77 to 21 alleles for

One103. Linkage equilibrium was rejected for three pairs

of the loci following a sequential Bonferroni correction:

One112 and One115, One103 and One111, One104 and

Ots103. Hardy–Weinberg equilibrium was not rejected for

any of the loci.

One103 was ranked the highest and Omy77 was ranked

the lowest in terms of information content (Ir and IR) for

relatedness estimation (Table 1). A regression analysis of

heterozygosity and rank found a strong positive relation-

ship (R2 = 0.85, P \ 0.01) while a regression analysis of

allelic diversity and rank found a moderate positive rela-

tionship (R2 = 0.62, P \ 0.01). The simulated power in

differentiating full-sibs from unrelated fish ranged from

0.42 when the highest rank locus was evaluated alone to

0.95 when all eleven loci were evaluated (Fig. 1). The

simulated power in differentiating half-sibs from unrelated

fish ranged from 0.19 to 0.55 and the simulated power in

differentiating half-sibs from full-sibs ranged from 0.26 to

0.62 (Fig. 1).

Relatedness estimation

Mean relatedness values are presented in Table 2 and

Fig. 2 along with the range observed for each relationship

category. Expected relatedness from identity by descent

coefficients indicate that the mean relatedness for unrelated

pairs will equal 0, mean relatedness for half-sibs will equal

0.25 and mean relatedness for full-sibs will equal 0.5

(Blouin 2003). None of the relatedness estimators per-

formed as expected (Table 2). The RQG estimator most

closely approximated these expected values while the mean

Mxy values were overestimates, and the mean RR and RLR

values were underestimates. The RQG, RR, and RLR esti-

mators displayed negative relatedness values, which is

common when allele frequencies of the pair differ from the

population means in opposing directions (Queller and

Goodnight 1989; Gautschi et al. 2003). There was overlap

in the range of values representing full-sibs, half-sibs, and

unrelated pairs for all of the relatedness estimators. As

expected, the degree of overlap was greatest among

half-sibs and the other two relatedness types.

Using the distributions of relatedness values and Blouin

et al.’s (1996) misclassification method, we calculated the

Type I error rate as the proportion of unrelated and half-sib

pairs that fell to the right of the cutoff point and would be

misclassified as half-sibs or full-sibs and the Type II error

rate as the proportion of half-sibs and full-sibs that fell to

the left of the cutoff point and would be misclassified as

unrelated. The RR estimator displayed the lowest Type I

error rate while the Mxy and RQG estimators displayed the

lowest Type II error rates (Table 3). The cutoff points were

also adjusted to minimize Type II error rates and determine

the value that should not be exceeded for spawning (Fig. 3).

For the Mxy estimator, a balance was achieved between

the proportion of available unrelated crosses (32%) and

proportion of full-sib and half-sib crosses (6 and 10%,

respectively) at a value B0.30. For the RQG estimator, a

balance was achieved between the proportion of unrelated

crosses (40%) and proportion of full-sib and half-sib crosses

(4 and 13%, respectively) at a value B-0.10. For both the

RR and RLR estimators, a balance could not be achieved

to reduce the Type II error rate. Either the number of

un-related crosses using a value of B-0.1 was insufficient

(16 and 23% of the total number of available crosses,

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00
11

loci

10
loci

9
loci

8
loci

7
loci

6
loci

5
loci

4
loci

3
loci

2
loci

1
locus

FS-UR
HS-UR
FS-HS

Fig. 1 Simulation results of the software KinInfor (Wang 2006).

Power to differentiate among relationship categories, using the

highest ranked locus, two highest ranked loci, up to all 11 loci. FS
full-sib, HS half-sib and UR unrelated

Table 2 Range of values observed and mean and standard deviation

for each relatedness category using four pairwise relatedness

estimators

RR RQG RLR Mxy

UR -0.1 to 1.0 -0.6 to 0.7 -0.2 to 0.4 0.0 to 0.8

0.0 ± 0.00 0.0 ± 017 0.0 ± 0.10 0.4 ± 0.10

HS -0.1 to 0.7 -0.3 to 0.6 -0.1 to 0.4 0.1 to 0.7

0.1 ± 0.10 0.2 ± 020 0.1 ± 0.10 0.5 ± 0.10

FS -0.1 to 1.0 -0.4 to 0.8 -0.1 to 0.4 0.2 to 0.9

0.2 ± 0.26 0.4 ± 024 0.2 ± 0.10 0.6 ± 0.14

RR Ritland’s estimator (adapted from Ritland 1996); RQG Queller and

Goodnight’s estimator (adapted from Queller and Goodnight 1989);

RLR Lynch and Ritland’s estimator (adapted from Lynch and Ritland

1999); Mxy allele-sharing estimator (adapted from Blouin et al. 1996),

HS half-sib pair, FS full-sib pair, UR unrelated pair
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respectively for each estimator) or the number of full-sibs

with values B0.0 was too high (46 and 38%, respectively for

each estimator). Our results for the 2006 spawn year indi-

cated that we were able to stay below the 0.30 threshold

with the Mxy estimator for 100% of the performed crosses.

The M-L method correctly assigned 80% of the unre-

lated pairs, 42% of the half-sib pairs, and 74% of the full-

sib pairs. Incorrect assignments tended to favor Type II

error where related fish were more likely assigned to a less

related category (Table 3). All of the pairs with RR values

B-0.1 were correctly classified by the M-L method as

unrelated and the pairs with values C0.01 were correctly

classified by the M-L method as related.

Discussion

Breeding matrices based on pedigree information and/or

relatedness indices have been widely used to genetically

manage captive populations (Ballou and Lacy 1995;

Wisely et al. 2003). The use of microsatellite DNA anal-

yses in developing maximal avoidance of inbreeding

matrices is a relatively new tool used within the SSCBP.

Pedigree information was primarily used until 2003;

hereafter microsatellite data (and the Mxy estimator) were

solely used to generate relatedness indices and guide

spawning decisions. However, the bias associated with the

Mxy estimator, comparisons to other estimators, and the

error in inadvertently spawning close relatives had not been

previously evaluated.

The results of this study indicated that there was bias

in all four estimators and this led to an underestimate of

relatedness for the RR, RLR, and RQG estimators. The RR
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Fig. 2 Distribution of relatedness values for each relatedness cate-

gory. a RR Ritland’s estimator (Ritland 1996); b RQG Queller and

Goodnight’s estimator (Queller and Goodnight 1989); c RLR Lynch

and Ritland’s estimator (Lynch and Ritland 1999); d Mxy allele-

sharing estimator (Blouin et al. 1996). FS full-sib, HS half-sib and UR
unrelated

Table 3 Misclassification error (%) among full-sibs (FS), half-sibs

(HS), and unrelated pairs (UR) of sockeye salmon using the midpoint

of the means of the two distributions as the assignment threshold

Type II error

HS as UR (%) FS as HS (%) FS as UR (%)

RR 46 51 13

RQG 45 16 10

RLR 38 27 6

Mxy 33 23 8

M-L 38 20 2

Type I error

UR as HS (%) HS as FS (%) UR as FS (%)

RR 14 17 1

RQG 35 17 7

RLR 19 26 2

Mxy 31 20 4

M-L 17 17 9

Thresholds are as follow:

RR: HS as UR = 0.05; RR: FS as HS = 0.15; RR: FS as UR = 0.10

RGQ: HS as UR = 0.10; RR: FS as HS = 0.30; RR: FS as UR = 0.20

RLR: HS as UR = 0.05; RR: FS as HS = 0.15; RR: FS as UR = 0.10

Mxy: HS as UR = 0.45; RR: FS as HS = 0.55; RR: FS as UR = 0.50
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and RLR estimators can lead to undesirable results when

there are low levels of genetic variation at the loci (Wang

2002; Wang 2006) and generally perform best in popula-

tions with low levels of relatedness (Lynch and Ritland

1999; Van De Casteele et al. 2001; Csillery et al. 2006).

An under-estimate of relatedness has also been observed

for the RQG estimator when there are high degrees of

relatedness in the population (Altmann et al. 1996;

McDonald et al. 2004). The sockeye salmon captive

broodstock was founded with less than 50 fish (C. Kozfkay,

unpublished data) and is currently in its fifth generation in

captivity. There are likely related individuals among

founders as well as an over-representation of some founder

lines due to unequal survival of some lineages. An excess

of heterozygotes at five of the 11 loci and linkage dis-

equilibrium indicated that there may be some pre-existing

level of co-ancestry in the population or evidence of a

historic bottleneck. The degree of relatedness within the

SSCBP and low levels of polymorphism at some of the loci

likely had an effect on the performance of these estimators.

Conversely, the Mxy estimator over-estimated related-

ness. According to Ritland (2000), the Mxy estimator will

always over-estimate identity by descent unless every

founder possessed two unique alleles. This is because

individuals can share alleles due to a recent common

ancestry, through a limited number of alleles in the gene

pool of the founding population, or identity in state

(mutation) and no common ancestry. Since this measure

does not take into account allele frequency information,

and often the sharing of rare alleles is indicative of co-

ancestry (Ritland 1996), over-estimates can arise. Despite

this limitation, this estimator has been shown to perform

well due to its low variance (Blouin et al. 1996).

The fact that none of the estimators agreed with

theoretical expectations does not negate their use for con-

servation breeding programs, but rather, shows that they

should only be used as relative measurements of genetic

similarity rather than in terms of identity by descent.

Csillery et al. (2006) advises that pairwise estimators

should never be used to categorize relationships since these

estimators are inherently not categorical measures. So,

while these pairwise estimators cannot take an unknown

pair of fish and accurately determine the true relationship

based upon a relatedness value, they can still identify, rank,

and prioritize the pairs with the lowest scores to spawn

(Gautschi et al. 2003).

The bias associated with these relatedness estimators

also highlights the importance of locus selection to the

performance of the estimator (Van De Casteele et al.

2001). In this study, KinInfor indicated that heterozygosity

was a better measure of locus informativeness than allelic

diversity. This was due to the fact that informativeness of a

locus decreases to 0 and non-informative as the frequency

of an allele approaches fixation (Wang 2006). The most

efficient approach is to choose the fewest number of highly

ranked loci to achieve a desired level of power; however,

this can be difficult in programs like the SSCBP, which

deal with populations that may have experienced a bot-

tleneck. KinInfor simulated the level of power attained by

this set of 11 loci in differentiating relatedness types. While
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Fig. 3 Proportion of unrelated, half-sib, and full-sib pairs at a range

of relatedness values tested as possible thresholds to not exceed when

spawning sockeye salmon. a RR Ritland’s estimator (Ritland 1996); b
RQG Queller and Goodnight’s estimator (Queller and Goodnight

1989); c RLR Lynch and Ritland’s estimator (Lynch and Ritland

1999); d Mxy allele-sharing estimator (Blouin et al. 1996)
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only the nine highest ranked loci provided[90% power in

differentiating full-sibs from unrelated pairs, the use of all

11 loci only provided 55% power in differentiating half-

sibs from unrelated pairs. The levels of predicted power

were consistent with the observed Type II misclassification

rates, indicating that KinInfor would be useful in locus

selection and understanding discriminatory ability at the

onset of a captive breeding program. If greater certainty is

needed to resolve relatedness types, then more loci are

recommended. As many as 40 loci may be needed to

achieve a high level of discrimination between half-sibs

and unrelated fish (Blouin et al. 1996).

Breeding strategy

The choice of the relatedness estimator is largely depen-

dent upon the type of error that the captive breeding

program would like to minimize. Willis (1993) suggested

that it is better to underestimate relatedness and choose an

estimator with low Type I error for the purpose of maxi-

mizing genetic diversity, but that it is also important to

avoid spawning closely related individuals and choose an

estimator with low Type II error. A multi-faceted approach

that utilizes the M-L estimator in combination with

pairwise estimators may provide for the best genetic

management of Snake River sockeye salmon as there are

multiple considerations that need to be addressed when

developing captive breeding plans: the maintenance of Ne

and genetic diversity, incorporation of returning anadro-

mous adults into breeding plans with full-term hatchery

adults, and inbreeding avoidance.

The genetic management of captive populations is often

concerned with maximizing diversity to minimize adapta-

tion to captive conditions and ensure that future adaptation

to new environmental conditions in the wild is not at risk

(Frankham et al. 2002). The ultimate goal is to retain 90%

of the initial variation over a 100 year period (Frankham

et al. 2002). The solution to avert losses of genetic varia-

tion is to maximize the effective population size, Ne

(Waples 1990). The Ne for Snake River sockeye salmon is

unknown but inferred to be smaller than the census size of

316 spawners in 2005 and 367 spawners in 2006 and below

the recommended level of 500 individuals (Franklin 1980;

Nelson and Soulé 1987). Thus, additional mating strategies

for this population have included spawning all mature

adults, equalizing family sizes, and factorial mating to help

ameliorate the effect of a small Ne and minimize the loss of

genetic diversity.

Hatchery restrictions can also limit the number of adults

that are spawned for broodstock production and Ne. If large

numbers of anadromous adults return and hatchery capac-

ity is limited, then decisions need to be made concerning

which fish are retained in the broodstock and which fish are

released to spawn volitionally in the wild. Anadromous fish

have the potential to be unique founders (offspring of adult

released fish) or captive-born fish (released as eyed-eggs or

smolts) with siblings in the hatchery (Baker et al. 2006).

Furthermore, anadromous fish may be related to one

another. The M-L and RR estimators appeared to have low

Type I misclassification rates and may be beneficial for

identifying relatedness and genetic importance. Our results

indicated that all returning adults classified by the M-L

method as unrelated and having an RR less than 0.01 would

likely be unrelated. Individuals could also be prioritized for

breeding according to mean kinship values (Ballou and

Lacy 1995). The mean kinship of every full-term hatchery

adult and anadromous adult would be calculated in relation

to the entire population and the highest ranked fish would

be prioritized for spawning. Selection of breeders with the

lowest mean kinship will provide a basis for genetic

importance and enable managers to retain rare alleles

within the captive broodstock and subsequently maintain

founder diversity (Sriphairoj et al. 2007).

Inbreeding (the avoidance of half-sib matings or closer)

is also a concern when determining which fish to pair for

spawning (Cabellero and Toro 2000) as it can lead to

decreases in fitness and heterozygosity. The two estimators

that had the lowest Type II misclassification rates and would

be most useful for minimizing inbreeding in the SSCBP are

the Mxy and RQG estimators. The RQG statistic is desirable

because it provides an unbiased estimate of relatedness and

is a continuous variable (Blouin et al. 1996). However, the

results of this study indicated that the RQG estimator was not

able to differentiate unrelated pairs from half-sibs or

full-sibs from unrelated pairs (albeit a small difference) as

well as the Mxy estimator. The Mxy estimator can also be

advantageous in that it is less sensitive to genotyping errors,

computationally fast, and not dependent upon allele fre-

quency information (Blouin et al. 1996). Based upon these

findings, we recommend that the Mxy estimator continue to

be used within the SSCBP although the RQG estimator

would also be applicable. A general guideline would be to

pair fish with Mxy values B0.30 for spawning. The selection

of this cutoff value allows program managers to compensate

for a lack of power in resolving half-sibs and un-related fish

as indicated by the KinInfor simulations and more confi-

dently select unrelated pairs because the pre-determined

misclassification error is set to be conservative; less than 6%

for full-sibs and 10% for half-sibs.

The determination of a cutoff value to not be exceeded

(e.g., threshold) may be especially important in fish con-

servation programs where limited temporal viability and

asynchronous maturity of gametes creates challenges for

spawning (Bencic et al. 2000). In the case of sockeye

salmon, the spawning period can span up to 30 days. The
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gametes from fish that mature early in the spawning season

would not be viable by the time gametes from later

maturing fish became available. Under these conditions,

the prioritization of spawn crosses departs from ideal sce-

narios and the lowest relatedness among fish which mature

at the same time are paired. Furthermore, while factorial

spawning increases the Ne of the broodstock and acts as a

safety net against nonviable gametes (Fiumera et al. 2004),

its implementation can lead to increased risks of making

less desirable crosses later in the spawning season. Our

data from the 2006 spawn year suggested that suitable

crosses could be made throughout the 30-day spawning

season despite asynchronous maturity and that inbreeding

risks were minimized.

Results from this study provide a foundation for proper

genetic management of ESA-listed endangered Snake

River sockeye salmon. The stepwise approach of evaluat-

ing power of differentiating related and unrelated fish,

determining appropriate relatedness estimators and risk

tolerance, and establishing a threshold offers fisheries

managers a strategy for minimizing inbreeding in the

absence of pedigree data. The implementation of this

strategy along with other current practices (factorial mat-

ing, equalizing family size, and spawning all mature adults)

may not entirely eliminate inbreeding but will greatly

enhance the retention of genetic diversity in the SSCBP.
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