
Genetic Population Structure
Of Atlantic Salmon
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The Atlantic salmon  Salmo salar! is often perceived as an aristocrat of
the Salmonidae  Netboy 1974!. This status stems from an historical fascination
with the size, strength, and pristine habitat requirements of the species, the an-
gling skill that is frequently required for its capture, and the esthetic appeal of
its physical appearance. Among others, these characteristics mark the Atlantic
salmon as a primary target for sports and commercial harvest. Inevitably, num-
bers of salmon declined as a consequence of degradation of freshwater habitats
as well as excessive harvesting throughout its natural range in north Atlantic
drainages of Europe and North America. To supplement natural runs, hatch-
eries have existed on both sides of thc Atlantic Ocean for over a century  Mac-
Crimmon and Gots 1979!.

The need for knowledge of the genetic structure of Atlantic salmon pop-
ulations gradually became apparent, The intensification of high seas fisheries on
stocks of unknown origin  Saunders 1966! heightened biological and political
concerns about harvest allocations and preservation of less abundant popula-
tions. The increase in hatchery-reared Atlantic salmon has focused attention on
the need to understand the genetic composition of natural populations and on
the genetic effects induced by hatchery operations  ABendorf and Phelps 1980,
Ryman and Stahl 1980, Ryman 1981b, Stahl 1983!.

This chapter provides an overview of the genetic population structure of
Atlantic salmon over the entire species range. The population genetic structure
is elucidated by examining genetic differences among natural populations and
hatchery stocks from various geographic regions. Evolutionary implications of
the genetic structure of the species are discussed, and the use of genetic data in
management practices is encouraged,

MATKRIALS AND METHODS

Samples
The major part of the material used in the present study comes from

analyses performed in our own laboratory. The electrophoretic results for parts
of the material have previously been presented by Stahl �981, 1983!, Ryman
and Stahl �981!, Ryman �983!, and Stahl et al, �983!. In addition, the results

t2t



122 I Srahl

from two electrophoretic surveys reported in the literature are included in the
analysis of the intraspecific genetic structure.

Samples of anadromous Atlantic salmon were collected between 1979
and 1983 from 23 major river systems draining into the Western Atlantic
Ocean, the Eastern Atlantic Ocean, and the Baltic Sea  Fig. 5.1, Table 5,1!, In
addition, landlocked Atlantic salmon populations in four European drainages
were sampled. Samples were collected both from naturally reproducing popula-
tions �8 samples! and from hatchery stocks �1 samples, indicated by a "t"!.

All but three of the field collections were obtained by electrofishing a
restricted area within each drainage. Specimens from e!ectrofished samples rep-
resented under-yearling fry, 1+ parr, 2+ parr, and 3+ parr, At least two-year
classes are represented in each collection, which guarantees that the sample
represents more than a single family  cf, Allendorf and Phelps 198lb!, No fish
have been planted recently in any of the areas sampled by electrofishing, so the
samples of young fish collected in the field should represent the progeny of nat-
ural reproduction.

Three of the Swedish samples �3a Lagan, 14 Fylle5n, and 15a Atran;
Table 5,1! denoted as samples of naturally reproducing populations were col-
lected from mature fish migrating upstream to spawn in watercourses where
hatchery-reared smolt had been released, Thus, for these three samples it is not
known whether the fish stern from naturally reproducing populations or 1'rom
hatchery stocks,

Fish from hatchery stocks are produced through artificial spawniitg of
annual catches of adult fish migrating upstream during the spawning season;

Fig. 5.1 Geographical distribution of tnajor drautages that werc sampled. 1'he map codes � � 31!
refer to those tn Table 5.1.
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therefore, no two year-classes will have the same parents. Each hatchery stock
sample belongs to a specific year-class, and is so identified in Table 5.1.

Samples of liver, muscle, and eye tissue were dissected from each lish,
were frozen immediately, and then were transported to the laboratory, where
they were stored at � 60' C until they were analyzed electrophoretically. Tissue
preparation, starch gel electrophoresis, staining procedures, interpretation of
electrophoretic banding patterns, and designation of loci have been descrit>ed
previously by Utter et al, �974!, Allendorf et al. �977!, Cross and Ward
�980!, and Stol �981!. All fish were analyzed for the following 19 enzymes
encoded by 38 loci given in parentheses:

isocitrate dehydrogenase  IDH-I,2,3!
lactate dehydrogenase  LDH-I,2,3,4,5!

alate dehydrogenase  MDH-I,2,3,4!
rnalic enzyme  ItIE-I,2,3!
6-phosphogluconate dehydrogenase

�-PGDH-I,2!
phosphoglucose isornerase  PGI-!,2!
phosphoglucomu ase  PGhr-I,2!
sorhitol dehydrogenase  SDH-I,2!
superoside dismutase  SOD!
santhine dehydrogenase  KDH!

aspartate aminotransferase  AAT-I,2,3!
alcohol dehydrogenase  ADH!
alpha-glycerophosphate dehydroge nese

 AGP-1,2!
adenylate kinase  AK-3!
creatine phosphokinase  CPK-I.3!
diaphorase  DIA!
glyceraldehyde-3-phosphate dehydrogenase

 GAPDH-2!
glutamate dehydrogenase  GDH!
beta-gtucoronidase  GUS!

Data Analysis

The phenotypic ratios observed at variable loci segregating for codomi-
nant alleles were analyzed for consistency with Hardy-Weinberg expectations in
each sample, The commonly used chi-square test for testing homogeneity be-
tween observed and expected random mating phenotypic proportions would not
be applicable for many of the samples; in those samples with fewer than 50 in-
dividuals and skewed allele frequency distributions, the standard statistic may
deviate considerably from a chi-square distribution  Hedrick 1983!, For this
reason an extended version of the exact test described by Vithayasai �973! was
used. The genetic composition of each sample was further tested for deviations
from linkage  gametic phase! equilibrium  Hill 1974! at each pairwise combina-
tion of genetically variable loci  including the two loci segregating for alleles
which had to be treated as dominant ones!.

Tests for homogeneity of allele frequencies among samples were per-
formed with the contingency G-statistic, using Williams's correction for small
sample sizes  Sokal and Rohlf 1981!, Phenotypic counts were used as the basis
for the comparisons at the MDH-3 and SDH-I loci, whereas absolute allele fre-
quencies were used for the remaining loci. When morc than two alleles were

The duplicated nature of the salmonid gcnoinc  Ohno 1970! often results
in confusing electrophoretic patterns and interpretation problems  Allendorf et
al. 1975!. For two of the variable loci  MDH-3 and SDH-I! it was not possible
to score all different genotypes unambiguously, and these loci have subse-
quently been treated as loci segregating for dominant alleles.
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segregated at a locus, the variant alleles were combined to avoid small expected
numbers within certain cells of the contingency table.

Two graphical procedures were used to depict the genetic relationships
among samples. A dendrogram was constructed from a matrix of genetic dis-
tances,  D; Nei 1972! with the unweighted pair group method of arithmetic
averages  UPGMA; Sneath and Sokal 1973!. A principal component analysis
 Sneath and Sokal l973! was used as an alternative method, and the first two
principal components were visualized in a two-dimensional scatter plot. Both
analyses were based on the allele frequency distribution at all 38 loci.

The relative amount of genetic variation among populations was ana-
lyzed using Nei's �973a! measure of gene diversity; this method partitions the
total amount of genetic variability into, within, and between population compo-
nents. A hierarchical procedure was used, based on the geographical distribu-
tion of samples, to determine the relative contribution of different components
to the overall gene diversity  Chakraborty et al. 1982!. The hierarchical struc-
ture used was: the total data set, regions  landlocked, Baltic Sea, Eastern Atlan-
tic, Western Atlantic; see Table 5.1!, drainages within regions, and samples
within drainages. Although samples from landlocked populations do nor repre-
sent a common geographical area, their suggested subspecific status  see be-
low!, led them to be treated as a group of samples representing the same hier-
archical level as a group of samples from a particular geographical region.

Additional Allele Frequency Data
In addition to the 49 samples analyzed in our laboratory, allele fre-

quency data reported in the literature on another four samples of Atlantic sal-
mon were included in the analysis of the genetic population structure. Three of
the four samples were described by Leary and Allendorf �983! and represent
three hatchery stocks of North American Atlantic salmon �7 TGaspe, 30
TGrand Lake, 31 tWhite River; Table 5. l!, Allele frequency data on the fourth
sample, representing a southern Irish Atlantic salmon population �3 River
Blackwater; Table 5,1!, were reported by Cross and Ward �9SO!.

Two assumptions had to be made to make it possible to combine the al-
lele frequency data from the four samples reported by Cross and Ward �980!
and Lcary and Allendorf �983! with those from the 49 samples analyzed in our
own laboratory. The first one was necessary because the sets of loci scored by
Cross and Ward �9SO! and by Leary and Allendorf �983! are slightly different
from those routinely scored in our own laboratory. Particularly, those two stud-
ies provide no information on the following six loci: 4DH, DlA, GDH, GUS,
6-PGDH-2, and XDH. No genetic variation was observed at any of these loci in
the remaining 49 samples, so for the purpose of the present study these six loci
were also treated as monomorphic in the four samples reported by Cross and
Ward �980! and Leary and Allendorf �983!.

The second assumption was necessary because the electrophoretic pat-
terns of specimens analyzed in different laboratories had not been compared on
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the same gel, Thus, it has not been possible to establish unambiguously the va-
lidity of presumed electrophoretic identity of allelic products observed in the
different studies, The allelic designations used by Cross and Ward �980! and
by Leary and Allendorf �983! were therefore transformed into the present no-
menclature on the basis of the relative electrophoretic mobility reported for
their products and the geographic distribution of alleles observed in the samples
analyzed in our own laboratory. These assumptions concerning identity of al-
leles observed in different studies provide conservative estimates of the amount
of genetic variation between as well as within populations.

The data from Cross and Ward �980! refer to a single sample �3 River
Blackwater; Table 5,1!. For this sample genetic variation is reported at two loci
 IDH-3 and SDH-2! that were scored as monomorphic for all samples analyzed
in our own laboratory and by Leary and Allendorf �983!. It is possible that the
discrepancy reflects some unidentified methodological differences between lab-
oratories, but this issue cannot be settled without exchanging tissue samples for
analysis in different laboratories. At any rate, the inclusion  or exclusion! of the
four samples reported by Cross and Ward �980! and Leary and Allendorf'
�983! has little or no effect on the results of the present analyses; those sam-
ples were included mainly to provide a picture as complete as possible of popu-
lations from all over the species range, and to illustrate the overall agreement
between the results obtained in different studies.

RESULTS

Genetic Variation Within Samples
Nine of the 38 loci were found to be polymorphic in the 49 samples

analyzed in our own laboratory  Table 5.1!. Allelic variation ai loci which pre-
viously have been reported monomorphic  Stahl 1983! was found at the follow-
ing three loci, with the alleles observed given in parentheses: I&H-4 �00 and
120!. MDH-1 �00 and � 200!, and PGI-I �00, 140. and 185!, In addition to
the generally most common 100 allele, the variant alleles at the other six vari-
able loci are: AAT-3 �0 and 25!, AGP-2 �0 and 130!, MDH-3 �15 and 80!,

ME-2 �25!, PGM-I �5!, and SDH-I   � 50!. Allele frequencies at variable
loci, given in Table 5.1, were calculated by "allele counting" for all loci except
MDH-3 and SDH-1. At those two loci, the frequency of the 100 alleles was esti-
mated from the square root of the proportion of the �00/100! homozygote.s,
which were the only genotypes that could be unambiguously classified  cf,
Stol et al. 1983!.

Since MDH-3 and SDH-I had to be treated as loci segregating for domi-
nant alleles, tests for deviations from Hardy-Weinberg expectations could not
be performed for them, For the remaining  codominant! loci, a total of 98 com-
binations of sample/variable locus permitted such tests. Five of these tests indi-
cated a significant deviation of genotypic proportions from Hardy-Weinberg ex-
pectations, with an excess of heterozygotes in all five cases, Three of these tests
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have P-values slightly less than 0.05 and may well represent statistical type I er-
rors  tLagan-80, AAT-3, P =0,035; tBushmills-80, ME-2, P = 0,027; Alta
Eiby, ME-2, P = 0.049!. This is because approximately 5 out of the 98 tests
performed are expected to result in P-values less than 0,05 by chance only. In
contrast, the deviations in the two remaining tests have P-values much smaller
than would be expected by chance considering the number of tests  tEman-80,
AAT-3, PC0.0001; tRolfskn-81, ME-2, P =0.005!; they require other explana-
tions. The observed deviations from random mating proportions in these two
hatchery samples probably reflect the use of a small number of parents to prop-
agate the stock  Johansson 1981!. In the tEman-80 satnple all individuals were
heterozygous at the AAT-3 locus  cf. Stahl 1983!.

A majority of the observed statistically significant deviations from ran-
dom associations of phenotypes among pairs of loci  gametic phase equi-
libriurn! probably reflect statistical type I errors. Of a total of 20l such tests,
only 12, representing samples from both naturally reproducing populations and
hatchery stocks, showed significant deviations from random association of al-
leles between loci. The only highly statistically significant deviation was be-
tween the AAT-3 and SDH-1 loci in the tEman-80 sample  y'= l7.7, d.f. = I,
P�.001!. This significance most likely reflects the same events as those result-
ing in the significant deviation from random mating genotypic proportions at
AAT-3 in this sample. Although the statistical power of tests for deviations from
gametic phase equilibrium is usually poor  Brown 1975!, there appears to be no
compelling evidence for such deviations in the populations sampled.

Genetic Variation Among Samples
It appears that Atlantic salmon are naturally substructured into multiple

genetically differentiated and more or less reproductively isolated populations
within as well as between major drainages. Statistically significant allele fre-
quency differences were obtained between samples from naturally reproducing
populations collected from different localities within the same river in four out
of five river systems where such a comparison was possible  comparison "a" in
Table 5.2!. All the variable loci contributed to these differences,

Large allele frequency differences were observed between year classes
of the same hatchery stock  comparison "b" in Table 5.2!. The differences ob-
served in the present data probably reflect the genetic drift caused by using a
small number of parents in the hatchery to propagate the stocks. The differ-
ences may also be due to the use of parental fish from genetically different pop-
ulations that spawn within a river.

It might seem that a mixing of parental fish from genetically different
populations would increase the genetic variation in the offspring generation be-
cause of hybridization. However, there are no such indications of a general in-
crease in average heterozygosity  H! in samples from hatchery stocks  Table
5,1!. On the contrary, a reduced heterozygosity in hatchery stocks relative to
naturally reproducing populations has been demonstrated for Atlantic salmon
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from the Baltic Sea  Stahl l983!, This result supports the conclusion that the
observed heterogeneity of allele frequencies is partially the result of genetic
drift effects, i.e., a small number of parents  Stahl 1983!.

The dendrogram in Fig, 5.2, constructed from the matrix of pairwise
genetic distance values, reveals three clearly distinct clusters representing sarn-
ples from the Western Atlantic, the Eastern Atlantic, and the Baltic Sea drain-
ages. The European samples which represent landlocked Allantic salmon popu-
lations are found within both of the Eastern Atlantic and the. Baltic clusters,

with two and six of the landlocked samples found in the Eastern Atlantic and
the Baltic clusters, respectively,

GENETIC DISTANCE

t!.9! 2

002 1' o 7 Inerlsolveh.80
9 7 Skellettealven.80

7 Sacmoa 79
11 b 7 Indalsalven 79
7 7 Lolealver -79
5 b Tome
8 b 7 B!ske -80
tg Ldgde
9 o ESyske
6 e Angesan Valtloioki
6 d Angesan Vettasioki
6 c. Angesttn Sat lor
6 b KattciM
6 a Kalix
5 c T Kokkola-78
5 d T Tome niynning -79
5 a Lolfila
I c t Anten-81
1a 7 Gollsrtng .81
1 b T Gollsrbng-80
2 Ii 7 Klarlllven.80
2 a T Klaralven-81

16 T aolfsdn -Bl
12 T Etnbn.80
15 a Atian
13 0 t Lagan-81
13 c T Lagan-80
18 Bondiilselva
15 b T Atran-81
17 Oi st aelva
24 Edlida
21 a Au a Moseslandet
21 b Alto Svartfnssen
21 d Alto Eiby
2'! r Alta Yl Sierra
19 Sokna
22 t Bushnills 80
20 Mosvikelra
14 Fyttetcn
13 a Lagan
25 Langa23 R Btc.ckvrater
26 Urrida
4 a 7 Byglondsfiorden -82
4 b 1 Byglrndstionjen-80

27 T Gasps
30 7 Gi anil Lake
29 b Taxis River
2li b Otter Brook
29 a Rocky Brook
28 a Siuikxre Bridge
29 c sabl ice River
31 7 White River

Figure 5.2 Dendrogram  UPGMA, Sneath and Sokat 1973! summarizing the genetic relationships
among 29 samples representing naturally reproducing populations and 24 samples from hatchery
derivatives  marked by 9! of Atlantic salmon. The dendrogram is constructed from genetic
distances  Nei 1972! between samples based on thc allele frequencies at 3S loci, The map codes
refer to those in Table 5.1.
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A similar pattern of population structure as that depicted by the den-
drogram is obtained in the principal component analysis shown in Fig, 5,3, The
first two principal components explain 83.4 % of the total allehc variation
among samples. The three easily identified groups and their relative degree of
separation correspond to the clustering observed in the dendrogram. Both meth-
ods of analysis support the genetic distinctness of samples froni the Western At-
lantic, Eastern Atlantic, and Baltic Sea.

Allele frequency differences at the AAT-3, ME-2, MDH-3, and SDH-1
loci  Table 5,1! largely explain the geographic pattern of genetic relationships.
Samples in the Baltic cluster are distinguished from other regions by a some-
what lower frequency of the variant alleles at the ME-2 and SDH-1 loci  Table
5. l!. The Western Atlantic populations differ from the others by having a much
higher frequency of the variant alleles at the AAT-3, ME-2, MDH-3, and SDH-1
loci. The Eastern Atlantic populations show frequencies of the variant alleles

PC 2

PC
Figure 5.3 Principal component scatter plot derived from analyses of allele frequency estimates at
38 loci in 29 samples from naturally reproducing populations and 24 samples i'rom hatchery stocks
of Atlantic salmon. The first principal component  PC 1! accounts for about 65% of the torsi
variance and the second component  PC 2! for 19%. Identical scales are used for  he x- and the y-
axis.
B: Sample f'rom BaltiC Sea,

E: sample from Eastern Atlantic Ocean,
W: sample from Western Atlantic Ocean, snd

L: samples from landlocked populations  cf. Table 5.1!.
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Table 5.3 Gene diversity analyses  Net 1973! based on 38 loci tn geographically grouped samples
from naturally reproducing populations and hatchery stocks of Atlantic salmon. Regions are:
landlocked, Baltic Sea, Eastern Atlantic Ocean, and Western Atlantic Ocean  see Fig. 5 I and
Table 5.1!.

Natural
popuht tlons

Hatchery
stocks TotalItem

Number of
Regions
Dramages
Samples
Fish

4
31
53

4, 109

3
18
29

1,699

4
l7
24

2,410

Absolute gene diversity
Total
Standard error

0.041
�.021!

0 037
�.020!

0.040
�. 021!

Relative gene diversity  in percent!
Between regions
Between drainages within regions
Between samples within drainages
Within samples

28.4
9.0
3.6

39.0

29.7
4.9
I,S

63.9

26. 5
14.3
5.1

53.9

that are intermediate between those of the Baltic and the Western Atlantic pop-
ulations at both MF.-2 and SDH-1 loci.

The distribution of genetic variation at different hieratzhicai levels was
examined in a gene diversity analysis  Table 5.3!, Separate analyses were per-
formed on samples from hatchery stocks, and from naturally reproducing popu-
lations, and on all the samples combined. There are differences in both the
amount and the distribution of genetic variation between natural populations
and hatchery stocks. The total absolute gene diversity is about 10% lower
among the 24 samples from hatchery stocks �.037! than that estimated from
the 29 samples representing naturally reproducing populations �.041!. Because
of the large standard errors obtained for the estimated values of absolute gene
diversity  Table 5.3!, this observed difference is not statistically significant.

The relative genetic divergence between samples within drainages is
three times as high for hatchery stocks as it is for natural populations �.1%
versus 1.5%!. Similarly, the relative genetic divergence betweett drainages
within regions is almost three times as high for hatchery stocks as for natural
populations �4.5% versus 4.9%!. In contrast, there is about as much relative
genetic divergence between hatchery stocks frotn different regions as there is
for natural populations �6.5% versus 29,7%!. A greater degree of genetic drift
when fish are artificially propagated constitutes a possible explanation for the
observed differences in the pattern of gene diversity among samples from
hatchery stocks and samples from natural populations. This would result both
in a loss of genetic variation and in an increased amount of relative gene diver-
sity between hatchery stocks,

In the Atlantic salmon a remarkably large fraction of the total gene di-



134 / Stahl

Table 5.4 Distribution of gene diversity at variable loci among 53 geographically grouped samples
of naturally reproducing populations and hatchery stocks of Atlantic salmon  see Fig. 5.1!. The
average is based on a total of 38 loci.

Relative gene diversity iin percent!
Absolute

gene diversity Between
santples
within

drains es

Between
drain ages

within
region

Between
regions

Within
Total samples

Within
samplesLocus

AAT-3
AGP-2
fDH-3
LDH4

0.410 0.203
0,0009 0.0008
0 006 0 005
0.0009 0.0009

0.497 0. 256
0.010 0.009
0. 076 0.059
0. 001 0,001

0,008 0.007
0.492 0. 343
0.002 0,002

0.040 0,023

39.7
0.04
0.5
0.3

35.2
1.3

17.0
0.1

8.3
1.3

it .0
0.5

11.7
2.2
3.0
1.2

4.1
7.9
4.6

9.0

2.4 49.6
98.7
83.5
98. 30.9

hfE-2
hfDHH
hfDH-3
PGf-3

1.5
17
2,3
0.2

51. 6
94. 7
77,7
98,6

PGhf- 3
SDH- I
SDH-2

0.8
15.5
0.1

5.9
6.9

89. 2
69.7
95,3

Average
Standard

3.6 59,028.4

1.30.021 0.012 5.25,8error

versity is found between samples  more than 40%: Table 5.3! in comparison
with other fish species, As calculated by Gyllensten �985! the average relative
gene diversity between localities for six marine, four anadromous, and nine
freshwater species are 1.6%, 3.7%, and 29,4%, respectively. The largest part of
the between-population component for the Atlantic salmon is that observed
among regions �8,4%!. On the basis of European samples only, Ryman �983!
estimated that 12.3% of the total amount of genetic variability in hatchery
stocks and natural populations when considered together was due to genetic di-
vergence between the Baltic and the Eastern Atlantic regions. Thus, inclusion
of the Western Atlantic region more than doubles the between-region compo-
nent  Table 5,3!,

It should be noted that estimates of the proportions of gene diversity re-
Aect both the relative numbers of samples from different regions and the dis-
tribution of samples within and between drainages  Chapter 4 l. For instance,
additional satnples from Western Atlantic drainages would most likely result in
a further increase of both the total gene diversity and the between-region com-
ponent.

The pattern of genetic variation for individual loci varies considerably
among the 11 polymorphic loci contributing to the total gene diversity  Table
5.4!. Three of these loci, AAT-3, MF.-2, and SDH-l, contribute more thar> 90%
of the total absolute gene diversity. The component of relative gene diversity
between regions varies among loci from less than 1% up to almost 40%, The
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major part of the overall divergence between regions is caused by differentia-
tion at the three most polymorphic loci and at an additional fourth locus,
MDH-3, which is highly polymorphic in the Western Atlantic samples only.

In summary, Atlantic salmon seems to be naturally substructured into
more or less reproductively isolated and genetically differentiated populations
within river systems. There are at least three inajor genetically distinct and geo-
graphically separated groups of Atlantic salmon within the natural range of the
species. The greatest genetic differences are found between populations from
the two continents of North America and Europe. The differentiation between
the two continents is more than twice as great as that between the two European
clusters, i.e,, between the Eastern Atlantic and the Baltic populations, There
are indications of both  I! a reduced amount of genetic variation and �! genetic
instability within the hatchery stocks as reflected by allele frequency differ-
ences between year classes and deviations in genetic equilibrium conditions.

Also, the pattern of genetic differentiation among hatchery stocks is dif-
ferent from that for natural populations. The major reason for these differences
between hatchery stocks and natural populations is probably the use of too few
parental fish when stocks are propagated in the hatcheries.

DISCUSSION

Evolutionary Implications
In absolute terins, i.e., as measured by genetic distance, relatively little

overall genetic differentiation appears to have occurred among populations
throughout the natural range of Atlantic satmon. The differentiation observed
between the Western Atlantic and the European populations agrees quahtatively
with the results of Payne et al. �971!, who identified contrasting distributions
of transferrm alleles in European and Canadian collections. Iiowever, the aver-
age genetic distance between these two groups  D =0.04! lies well within the
range found between conspecific populations of other salrnonids  Allendorf and
Utter 1979, Ryman and Stahl l981, Ferguson and Fleming 1983, Ryman 1981!.
The limited divergence over all loci indicated by the present data supports
Behnke's �972b! contention that subspecific recognition on the basis of the sin-
gle locus coding for transferrin  Payne et al, 1971! is unjustified,

The current data indicate that European populations are substructured
into two major genetical groups corresponding to the geographical regions of
the Eastern Atlantic and the Baltic Sea, Payne et al. �971; see also Thoipe and
lVIitchell 1981! postulated the existence of a Boreal, a Celtic, and presumably
additional "races" of Atlantic salmon within the European continent on the
basis of the geographical distribution of allele frequencies at a transferrin locus.
According to their postulation, the Boreal race is distributed a]l over northern
Europe including the Baltic Sea, while the Celtic race is native to the southern
parts of the British Isles  Payne et al. 1971!. Populations from southern Europe
were presumed to represent a possible third race of the European Atlantic sal-
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mon, According to those authors, all but one of the present samples from the
European continent represent the Boreal race.

The sample from River Blackwater, Ireland, was collected within the
geographical range suggested for the Celtic race  Payne et al. 1971!. Although
there are two variant alleles observed exclusively in the sample from River
Blackwater, in the dendrogram this sample clusters together with the other sam-
ples from the Eastern Atlantic region  Fig, 5.2!. The geographical distributions
suggested for the Boreal and the Celtic races  Payne et al, 197 I! do not corre-
spond with the major genetical grouping of European Atlantic salmon observed
in the present study. A more extensive sampling of British and southern Euro-
pean populations is required to settle the issue of whether the Eastern Atlantic
salmon is subdivided into more than one major genetic unit.

All localities sampled in the present study, except perhaps the Irish
River Blackwater, were covered by an ice cap during the last glaciation  Sparks
and West 1971!, The amount of genetic differentiation observed among popula-
tions within each one of the three major geographical regions would therefore
reflect a maximum time since divergence of approximately ten thousand years
or less. That there is greater genetic differentiation between the two continental
groups of Atlantic salmon than within continents suggests that North American
and European populations diverged prior to or during the last glaciation. Each
continent was then repopulated from refuge populations following the
Pleistocene glacier recession.

The geological events leading to the formation of the present Baltic Sea
 Lundqvist 1965, Gudelis and Konigsson 1979! may explain the evolution of ge-
netic differentiation observed between populations of Atlantic sahnon native to
rivers draining into the Baltic Sea on the one hand and populations native to
rivers draining into the Eastern Atlantic Ocean on the other. Until ten thousand
years ago a freshwater lake, the Baltic Ice Lake, was located south of the ice
cap, approximately in the southern part of the present Baltic Sea. There was no
water connection between this lake and the Atlantic Ocean to the west, As the

ice melted and the glacier retreated north over the Scandinavian Peninsula, a
connection opened between the Baltic Ice Lake and the Atlantic Ocean, During
the following thousand years, the lake became a bay of the Atlantic Ocean with
a marine environment. Several marine organisms, such as whales, seals, fishes
and molluscs invaded the area at this time  Lundqvist 1965!. It is likely tliat the
Atlantic salmon was among the fish species migrating into this area. Due to an
elevation of the land, the lake once again became isolated from the Atlantic
Ocean and water salinity decreased. Some of the marine species were not able
to survive this lacustrine period, which lasted about two thousand years. How-
ever, it is likely that the Atlantic salmon was able ta survive because of its ca-
pacity to evolve a wide range of environmental adaptations, such as lacustrine
and anadromous forms  see below!.

The present outlet of the Baltic Sea originated about 7,500 years ago as
a strait between Denmark and Sweden. The migratory behavior of the Baltic
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Atlantic saltnon of today is characterized by a nearly complete absence of indi-
viduals that migrate into the Atlantic Ocean  Christensen and Larsson 1979!.
This behavior might be due to their previous isolation in the Baltic freshwater
lake. Accordingly, the Eastern Atlantic and the Baltic populations would have
been reproductively isolated for about 9,000 years.

The concept of a nonanadromous subspecies of landlocked Atlantic sal-
mon  S. s. sebago!, existing on the continents of North America and Europe,
persists in the literature  e,g,, Christensen and Larsson 1979, Vuorinen 1982!.
The present data do not support this concept, In the dendrogram  Fig. 5.2!, two
of eight landlocked samples  TByglandsfjorden-82 and tByglandsfjorden-80!
cluster with the anadromous populations of the Eastern Atlantic region, and the
remaining six samples cluster with the anadromous samples from the Baltic
Sea. A similar picture is revealed by the principal component scatter plot  Fig.
5.3!. The results of both cluster analyses support Behnke's �972b! hypothesis
that nonanadromous populations of Atlantic salmon were derived from ana-
drotnous stocks in postglacial times. It should be noted that the present genetic
data from the landlocked populations are obtained from hatchery derivatives.
Thus, it appears that these stocks may not quite represent the genetics of the
corresponding native populations  cf. comparison "c" in Table 5,2!. However,
it is not likely that this would obscure the classification with respect to their
subspecific status.

Management Considerations
There is a general recommendation in fishery management to conserve

as much intraspecific genetic diversity as possible in order to preserve future
opportunities for management and use of populations  e,g. Ryman 198 lc, Span-
gler et al. 1981, Chapter 15!. Knowledge about the intraspecific genetic struc-
ture and a thorough understanding of the evolutionary relationships among nat-
urally reproducing populations of Atlantic salmon are essential prerequisites for
planning and carrying out biologically sound management programs. The het-
erogeneities of allele frequencies demonstrated between populations at elec-
trophoretically detectable loci should be viewed as minimal estimates of genetic
differences at the remainder of the genome  Lewontin 1974, 1984!, Loss of ge-
netically determined stock characteristics due to overexploitatton of less pro-
ductive stocks or by unintentional hybridization of different gene pools in
hatchery operations will result in the disappearance of local adaptations re-
flected by population characteristics such as time of return and area of spawn-
ing, Considering the genetic instability observed within the hatchery stocks, it
is not surprising that comparative studies of recovery ratios for hatchery stocks
and naturally adapted Atlantic salmon populations have strongly favored natural
populations  Stabell l984!,

The present picture of the genetic structure of Atlantic salmon has man-
agement implications that in some instances corIAict with current practices. The
practice of managing individual drainages as genetic units  e.g, Christensen and
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Larsson 1979, Thorpe and Mitchell 1981! is not justified by the present data,
Statistically significant allele frequency differences among samples from natu-
rally reproducing populations within drainages  comparison "a" in Table 5.2!
are indications of genetic differentiation that would ultimately vanish under
such a management plan. In order to protect the present genetic structure
among naturally reproducing Atlantic salmon populations, a discriminatory
transplantation policy both within and between river systems should be imple-
mented. By creating gene  Iow between previously reproductively isolated pop-
ulations, a breaking up of adapted gene complexes may result from  an uninten-
tional! hybridization of stocks. Eradication of locally adapted populations
would then result in a decrease of the overall productivity of the species  Chap-
ter I!. In an opposing argument, Larkin �981! has suggested a more simplified
approach, with a focus on similarities rather than differences among stocks as
the basis for transplantation programs, However, similarities for many charac-
ters may mask undetected and highly important dissimilarities for others.

Transplantation of Atlantic salmon from the Baltic Sea to Norwegian
waters is one example of a nondiscriminatory transplantation program which
has been carried out for several years. During the last decade Norwegian hatch-
eries have not been able to produce enough Atlantic salmon smolts to supply
the demand, and some fishery managers therefore took advantage of the con-
temporary overproduction of smolts in Swedish hatcheries, Although the Swed-
ish rivers drain into the Baltic Sea and the Norwegian ones into the Atlantic,
the Swedish and Norwegian populations of Atlantic salmon are undoubtedly
similar in many respects. For instance, they are of the same latitudinal origin,
and the geographic proximity of spawning sites  Fig. 5,1! implies that fish from
these populations in many ways experience similar climatic and other environ-
mental conditions during the freshwater stages of the life cycle.

Nevertheless, the transplantations from Sweden  Baltic populations! to
Norway  Eastern Atlantic populations! have had disastrous effects on previously
existing Norwegian populations of Atlantic salmon. A large number of the Nor-
wegian drainages have now been found to be infected by a skin parasite, Gyro-
dactylus salaris, which attacks and kills the young of Atlantic salmon. Its pres-
ence has dramatically reduced the number of Atlantic salmon in many river
systems  Heggberget and Johnsen 1981!. Johnels �984! suggested that the para-
site was introduced into the Norwegian rivers by resistant Atlantic salmon from
the Baltic Sea.

Thus, in this case a transplantation policy based on similarities  cf.
Larkin 1981! has complicated rather than simplified the future management of
Atlantic salmon in Norway, Preventing transplantation between drainages and
especially between regions will greatly aid in preserving local adaptations and
will prevent future disasters such as the reduction of many Norwegian popula-
tions.

The frequently observed genetic differences between hatchery and wild
stock of the same river  comparison "c" in the Table 5,2! invalidate the gener-
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ality that a hatchery stock is a random and genetically representative sample of
the natural population. The allele frequency heterogeneities observed between
year classes of the same hatchery stock  comparison "b" in Table 5.2! reflect a
step toward further genetic impoverization. Although no studies have been per-
formed regarding allele frequency variations among year classes in natural pop-
ulations of Atlantic salmon, it appears that natural populations of salmomds
seem to be characterized by an apparent stability of allele frequencies over the
time spans so far examined  Ryman 1983 and references therein!. The reason
for the heterogeneities observed among year classes of the same hatchery stock
appears to be either nonrandom sampling of parents or the use of too few paren-
tal fish to avoid genetic drift. Therefore, the common occurrence of such het-
erogeneities reflects a major need for remedial actions when they are detected,
and for regular monitoring to reduce further losses of genetic variation  Chapter
1!. To avoid inadvertent genetic changes no stock should be founded or perpetu-
ated using fewer than 30 parents of the less numerous sex in any generation
 Ryman and Stahl 1980; cf. Chapter 6!. The management implications of the
genetic differences observed between hatchery and wild stock as well as be-
tween year classes of the same hatchery stock have been previously discussed
for brown trout  Ryman and Stahl 1980, Ryman 1981a, Vuorinen 1984!, cut-
throat trout  Allendorf and Phelps 1980!, and Atlantic salmon  Cross and King
1983, Stahl 1983!. The present data extend earlier observations and emphasize
the importance of their conclusions. The findings of pronounced genetic in-
stability of many hatchery stocks strongly contradict the statement that "...elec-
trophoretic analysis of populations was of little use in either identifying the
source of past errors in broodstock management or predicting which stocks to
select for propagation"  Gall 1983!. Without electrophoretic data these findings
would never have been detected. Electrophoretic analysis  Chapter 2! is the pri-
mary tool that is now available for identifying past errors and for pointing to
counteractions.

The capability to use genetic data to estimate the proportions of contrib-
uting populations in a population mixture has applications to Atlantic salmon
management, e,g� the high seas fishery off the West Greenland, around <he
Faroe Islands, and in the Baltic Sea. Biologically sound management, aimed at
avoiding overexploitation of any of the contributing stocks in these fisheries, re-
quires accurate estimates of the proportional contribution from each population
to the total harvest. Conditions for obtaining genetic data for refiabie estimates
in a mixed fishery analysis include:

~ known allele frequency differences among populations potentially
contributing to a particular mixture, and
~ a sufficient sampling of the mixture to provide estimates of adequate
statistical precision  Miller et al, 1983, Fournier et al. 1984!,

In the West Greenland fishery, Atlantic salmon from both North America and
Europe are harvested  Saunders 1966, 198 I'!. The present data suggest at least
four loci  AA'T-3, ME-2, MDH-3, SDH-1! that have the combined capabi! ity of
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identifying individuals to regional origins with high precision  Table 5, I and
5.4!.

The amount of genetic differentiation between populations within re-
gions  Table 5.3! indicates sufficient differences for analysis of adequately
sampled mixed populations within geographical regions as well, However, to
obtain reliable estimates of the contribution from different stocks, it is neces-

sary that the allele frequencies characterizing the contributing populations re-
main stable, This criterion is not fullilled for the hatchery stacks  Table 5.2!. If
within-stock heterogcneities cannot be avoided in the hatchery programs, it will
become impossible to estimate reliably the proportions of different contributing
stocks in mixed fisheries. It should be pointed out that an intentional inanipula-
tion of allele frequencies of hatchery populations  genetic tagging! provides a
method whereby the contribution of individual hatcheries may be much more
readily detectable in population inixtures, and with an increased statistical pre-
cision for the obtained estimates. In this connection it is suggested that Atlantic
salmon involved in both intentional and unintentional transplantation programs
carry genetic tags. Such a tag would automatically be transferred to the off-
spring generation and possible interference with natural populations could then
easily be traced.

The present knowledge of the genetic population structure of Atlantic
salmon calls for an increased and immediate awareness of the genetic effects of
various management activities as well as of the potential use of genetically de-
termined population characteristics in aquaculture and fish breeding. Decisions
about hatchery progratns, transplantation policies, and harvesting strategies
need to be based on information about the genetic structure of the populations
concerned in order to avoid unintentional and unnecessary loss of genetic varia-
tion through genetic drift and inbreeding in hatchery stocks, inadvertent hy-
bridization in hatcheries, or transplantation of fish into environments for which
they are not adapted, Electrophoretic techniques provide an excellent tool for
delineation of the genetic variation in natural populations and hatchery stocks,
and such information is a prerequisite for the conservation of biological diver-
sity in fish populations.



Genetic Management of Hatchery Stocks
Fred W. Allendorf and Nile Ryman

'Ihe number of large-scale hatchery programs for artilicial propagation
of fish has increased dramatically during the last few decades. One group of
hatchery projects reflects the growing global interest in aquaculture. Other pro-
jects are part of hshcry management programs to produce fish for release into
natural bodies of water. One purpose of these latter efforts is to augment natural
reproduction or to reduce the impact of ecological damage caused by man's in-
creasing alteration of the natural habitat of fishes. Another purpose is the con-
servation of wild populations whose natural habitat has been damaged or popu-
lations that are threatened by the introduction of exotic species.

Genetic variation is the basic resource of any successful animal breeding
program. The goal for the management of hatchery populations of fish is de-
pendent upon the purpose of the hatchery project, For instance, a selective
breeding program aimed at producing fast-growing lish with high food:on-
version and docile behavior for aquaculture should start from a base population
containing a large amount of genetic variability, Such a selection program will
change the genetic composition of the base population by reducing its genetic
variability; as selection continues, "positive" alleles replace "negative" ones.
In contrast, programs that produce fish for release into the v ild should not at-
tempt to genetically alter populations to perform well under hatchery condi-
tions, bur, rather, should strive to maintain the genetic variation of the original
wild population, The achievement of the latter goal is still more critical when
the hatchery functions as a "gene bank" conserving the last remnant of an en-
dangered population.

Some hatchery projects have failed to manage the genetic resources suc-
cessfully. One reason is that their management goals sometimes have been
vaguely defined. For instance, the genetic goals of aquacultural pen rearing and
those pertinent to thc raising of flsh to supplement wild populations cannot be
achieved simultaneously with the same stock. Furthermore, principles of popu-
lation genetic» and animal husbandry have frequently been ignored in the
founding and maintenance of hatchery populations. It is often difficult, for ex-
ample, to acquire a large number of individuals to found a new hatchery popu-
lation, but to ignore the expected reduction in genetic variation due to small
population size  bottlenecks! is to increase the probability that the hatchery pro-
gram will fail to achieve its objectives. The effects of losing genetic variation in
small populations is well documented in a variety of organisms  Rails and Bal-

141
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lou l983!. Examples documenting such losses in hatchery populations of fish
are listed in Table 6.1. However, this should not be taken to indicate that hatch-
ery populations generally have reduced amounts of genetic variation. For exarn-
ple, most hatchery populations of rainbow trout  Salmo gairdrt eri! have approx-

Table 6.1 Examples of clcctrophorctic studies indicating genetic changes and loss of genetic
variability in hatchery stocks.

Species Genetic characteristics Reference

Agcndorf and Uner l979

Allendorf and Phelps 1980
Lcary ct al, 1985c

Different from presumed source population.
Differences be ween year-classes. Reduced
proportion of polymorphic loci. High
mortality and atypical morphology.

Brown trout
 Salmo Irurra!

Ryman and Stkh  !980

Different from presumed source population.
Differences between stock derivatives
inaintained in different hatcheries. Reduced
levels of genetic variation.

Brown trout Ryman 198lb

Differences between stock derivatives
maintained in different hatcheries
Proportion of polymorphic loci reduced by
50%.

Ryman and Stahl i 981Brown trout

Different from presumed source population.
Differences between cohorts. Average
heterozygosi y reduced at 33%.

Vuorinen 1984Brown trout

Atlan ic salinon
 Salmo sala'r!

Stshl 1983 and Chapter 5

Atlan ic salmon Different from presuined source population.
Differences between year-classes. Reduced
levels of genetic variability.

Cross and King 1983

Different from presumed source population.
Reduced levels of genebc variability,
Effective number of parents only 15%-25%
of actual number.

Taniguchi et al. 1983Black seabream
 Acanthopagrus
schlegeli!

Rainbow u out
 Salmn gairduen!

Cutthroa  trout
 Salmo cfarki!

Conspicuously low level of genetic varia ion
coupled with poor survival.

Different from presumed source popo a ion.
Differences between year-c asses. Proportion
of polymorphic loci reduced by 57%.
Average number of al etesi locus reduced by
29%. Average heterozygosiry reduced by
21%.

Different froin presumed source popo a ious.
Differences between year-classes.
Differences between stock derivatives
maintained in different hatcheries. Linkage
disequilibrium and s rong deviations from
Hardy-Weinberg expectations. Average
heterozygosity within s ocks reduced by
20%. Reduced divergence between stocks.
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imately the same amount of genetic variation as natural populations  Al tendorf
and Utter 1979, Busack et al. 1979!.

The application of genetic principles to the founding and maintenance of
hatchery populations is straightforward. The first step is to define the goals of
the hatchery project, We are concerned here only with fishery management and
therefore will not consider aquaculture. We assume that the purpose of the
hatchery is to produce fish that will be placed into the wild to survive and at
times to reproduce, The principal genetic goal of hatcheries with these objec-
tives is to minimize any genetic changes caused by genetic drift or adaptation to
hatchery conditions,

In this chapter, we discuss basic genetic principles relating to the found-
ing, maintenance, and monitoring of hatchery stocks and recotnmend ways to
minimize genetic alteration af hatchery stocks. Our discussion is based largely
on our experience with salmonid fishes, but the genetic principles we consider
apply to hatchery programs for all species of fishes.

FOUNDING OF HATCHERY POPULATIONS

Selection of Founding Populations
The first genetic decision to be made in establishing a hatchery popula-

tion is the source of the founders. In many cases, a hatchery stock is estab-
lished by taking individuals from an already existing hatchery population.
There recently has been a major effort in the United States to compile informa-
tion about the characteristics and relative performance of hatchery populations
so that a suitable stock can be selected  Kincaid 1981!. In the past, stocks have
sometimes been chosen simply because they are readily available, without any
consideration of genetic characteristics. It is important that the source of fish
selected for founding be genetically suited to accoinplish the goals of the rnan-
agement program.

Hatchery populations sometimes are derived directly from wild popula-
tions, This is often the case for anadromous salmonid populations, for hatch-
eries built to compensate for loss of spawning habitat, and for programs aimed
at preserving the genetic resources of a particular species, subspecies, or popu-
lation that is threatened in its native habitat. Hatchery programs starting with a
wild stock must consider the importance of local adaptations. There is a well-
documented tendency for salmonids to evolve genetically discrete, ecologically
specialized populations by natural selection over thousands of generations of
adaptation to local environmental conditions  Behnke 1972, Ricker 1972,
Ryman et al. 1979!. A number of recent studies with hatchery releases have in-
dicated that hatchery fish derived from local populations perform much better
in their native environment than hatchery fish from other populations  Hams
1976, Reisenbichler 1981, Altukhov and Salmenkova, Chapter 14!,

Hatchery programs designed to preserve the genetic resources ot species
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or subspecies through eventual reintroductions require additional considera-
tions. The genetic variation of a species can be partitioned into genetic variation
within local populations and genetic divergence between local populations. It is
necessary to understand the amount and distribution of this genetic variation, as
discussed by Chakraborty and Leimar  Chapter 4!, in order to ensure preserva-
tion of genetic resources  cf. Chapter 5!. Without this information, we act
blindly in making decisions regarding the preservation of the, genetic resources
of a species.

No single strategy applies in selecting source populations for a hatchery
program aimed at preserving the genetic resources oF an entire species or sub-
species. The best plan of action for a specific case must be based on the biology
and distribution of genetic variation in a particular species, as well as practical
considerations  e.g., how many separate hatchery strains can be maintained'?!.
Vrijenhoek et al. �985! conducted an analysis of genetic variation in the en-
dangered Sonoran topminnow  Poeciiiopsis occidentalis! and found that the ge-
netic variation in the species is composed of diversity within localities �1%!,
between localities �6%!, and between three major groups �3%!. On this basis
they concluded that it is vital to preserve representatives of all three major
groups and less important to maintain multiple populations within these major
groups,

In some cases it may be possible to maintain only one hatchery strain as
a "gene bank." In this situation, a choice must be made between founding the
hatchery stock from one local stock or combining many local populations into a
single hatchery strain  Krueger et al. 1981!. It may be desirable to combine
many local populations when a significant proportion of the genetic variation is
represented by between-population divergence. as long as this divergence is not
so great as to suggest the possibility of more than one species. It must be noted,
however, that local adaptations and the specific gene combinations of the local
stocks will be lost when these stocks are combined into a single strain. Unfor-
tunately, there is no way around this problein; the loss of local adaptations and
gene combinations is the price to be paid if a major part of the gene diversity of
a whole species or subspecies is to be conserved within a single population.

Number of Founders

A hatchery stock should be founded with a sufficient number of individ-
uals to accurately reflect the genetic composition of the natural population from
which it was derived. The number of founders is crucial because the alleles
present in the founders represent the upper limit of allelic variation in subse-
quent generations, without the introduction of new alleles by mutation or from
other populations. A single diploid individual can have a maximum of two al-
leles at any particular locus; it is therefore obvious that one or two individuals
of both sexes do not adequately represent the genetic composition of a natural
population. However, it can be shown from fundamental genetic principles that
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hundreds of individuals are not necessary to meet this requirement  cf. Chapter
3!.

We can examine the genetic effects of the founding process by consider-
ing an extreme but not unrealistic example. Assume we found five separate
hatchery stocks by taking one fernale and one male froin a random mating natu-
ral population. Consider a single locus with two alleles, B and b, at frequencies
of 0.6 and 0.4, respectively; the genotypic frequencies at this locus in lhe natu-
ra! population will be in binomial  Hardy-Weinberg! proportions: 0.36 BB!,
0.48 Bb!, and 0. 16 bb!. We assume there are 1,000 progeny produced by rnat-
ing the one female and one male; these progeny are considered to be the first
generation of the hatchery stock. The second generation of the hatchery stock is
produced by randomly inating males and females from the first generation.

Figure 6,1 shows the results of simple Monte Carlo simulations of this
situation. P is the frequency of the B allele and H is the proportion of hetero-
zygotes. Two random numbers uniformly distributed between 0 and 1 were
chosen to determine the genotypes of the two founders of each stock ott the
basis of the genotypic frequencies in the natural population. The genotype fre-
quencies in the first generation are based on expected Mendelian proportions
resulting from the founders. The genotypic frequencies in the second generation
will be in Hardy-Weinberg proportions. We assume that the population sizes in

1,000,000
Average simulationsFounders P u 0.55 P o 0.60
H~ 0.40 H= 0.48

First

Generation P n 0.55 P ~ 0.60

H~ 0,40 Hu 0.48

Seoond

Generation P n 0.55 P u 0 60

H n 0.38 H n 0.36

Figure 6.t Monte Carlo simu!ations of the effects at a single locus with tvto al!eles  B and b! of
founding a hatchery stock from one male and one ferns!e from a source popu!ation with an allele
frequency of 0.6  P! of the B allele  see text for detailed explanation!. tV is population sire and H ts
the proportion of heterozygotes present. The second column from the right indicates the average of
the five diagrammed simulations. The column on the far right indicates the averages of these param-
eters for one million simulations.
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the first and second hatchery generations �,000 and I0,000! are large enough
so that changes in allele frequencies in these generations can be ignored. Re-
sults are also presented fram a more extensive series of identical simulations in
which I million hatchery stocks were founded with one male and one female
from this same natural population.

The individuals chosen as founders are random representatives of the
natural population. Nevertheless, the allele frequency, P, within a pair of found-
ers can only be 0, 0.25, 0.50, 0.75, or 1.00. Because of the large number of
progeny produced, allele frequencies do not change within a stock in subse-
quent generations. Thus, sampling error associated with the founding event en-
sures that every stock will have a different allele frequency from the natural
population. The average genotypic frequencies in the first hatchery generation
are not expected to change since all individuals are simply the progeny of two
individuals chosen at random from the natural population. Thus, there is no ex-
pected reduction in heterozygosity in this generation, However, all the individu-
als within a stock in the first generation are full-sibs. The "inbreeding"  Jac-
quard, 1975! caused by the liinited size of the founding population results m
reduced heterozygosity in the second hatchery generation, Allele and genotype
frequencies are not expected to change in subsequent generations so long as a
large number of individuals are randomly mated every generation to produce
the next generation.

We can summarize these results as follows. A small number af founders

results in al!ele frequency differences between the source population and the
newly founded stock because of sampling error, Heterozygosity is expected to
be reduced because of inbreeding in the second hatchery generation when the
genotypic proportions in the hatchery stock reach Hardy-Weinberg proportions.
The series of 1 million simulations can be interpreted as representing the ex-
pected effects at one locus in many stacks or at many loci within one stock. It
is passible that heterazygosity at one locus in the newly founded stock is
greater than in the source population, For example, if one of the founders hap-
pens to be heterozygaus for an allele that is rare in the source population, this
allele will occur in the hatchery stock with a frequency of 0.25 and H will be
0,375, as compared to an H of near zero in the source population. Neverthe-
less, the extended series of simulations shows that approximately 25% of the
heterozygasity �.48 versus 0.36! over the entire genome will be lost because of
the use of only two founders.

The above results can be generalized for any size of founding popula-
tion. Genetic drift is expected to change a11ele frequencies at variable loci. The
direcrion of change in allele frequencies is random and therefore cannot be pre-
dicted. However, the expected magnitude af the changes in allele frequencies
can be predicted. Consider a single gene locus with two alleles, B and b, in a
population of size N. If P is the current frequency of the B allele, then 95%
of the time the frequency of B in the next generation will be in the following
interval:
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P' � P+2i---,~P i � I'!

When N is already large  e.g., 50 or greater!, making it even larger will do little
to reduce the expected change in allele frequency.

Minimizing the loss of genetic variation due to genetic drift is a primary
concern in founding a hatchery population. The expected proportion of the
original heterozygosity remaining after a bottleneck of size N for one genera-
tion is

I ��
2h

�!

It is perhaps surprising that even very small population sizes will retain most of
the heterozygosity in a population. For example, the progeny of one male and
one female are expected to contain 75% of the total heterozygosity in a popula-
tion. This expectation is realized in the simulations presented in Figure 6.1,
Similarly, the use of five founders of each sex would result in an expected loss
of only 5% of the heterozygosity in the source population. Vevertheless, it
should be kept in mind that studies with a variety of agricultural species have
shown that even a 10% loss of genetic variation has detectable harmful effects
on such important traits as survival and growth rate  Falconer 1981!. Kincaid
�976a,b! has shown in rainbow trout that a 25% loss of heterozygosity due to
inbreeding is associated with an increase in morphological deformities �8 k!,
decreased food conversion efficiency �%!, decreased fry survival �9%!, and
decreased weight at 147 days �1%! and 364 days �3%!. Studies with a variety
of fish species show that these results are general  reviewed by Kincaid 1983!.

Equation �! is potentially misleading because it uses the proportion of
individuals that are heterozygous as the measure of genetic variation. Another
important measure of genetic variation that can be used is the actual number of
alleles present at a locus. Heterozygosity has been widely used to measure ge-
netic variation because it lends itself readily to theoretical considerations of the
effect of limited population size on genetic variation. Nevertheless, hetero-
zygosity has the disadvantage of being relatively insensitive to the actual num-
ber of alleles at a locus. For example, consider two alternative situations, A
particular locus in population X has 2 alleles at equal frequencies of 0.5. This
same locus in population Y has 7 alleles, 1 with a frequency of 0.7 and the
other 6 all at a frequency of 0,05. Which population has more genetic varia-
tion? The intuitive answer is that population Y has more genetic variation be-
cause of the much greater number of alleles present. However, population X has
the greater amount of heterozygosity: 0.500 versus 0.495 in population Y.

Equation �! provides an overly optimistic view of the effects of small
numbers of individuals on the loss of genetic variation if we consider allelic di-
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versity. The effect of a bottleneck on the number of alleles is more complicated
than its effect on heterozygosity because it depends on the nulnber and frequen-
cies of alleles present in the original population. Consider a locus with rt alleles
at frequencies P�!, P�!, P�!,...., P rt! in a large population. If a hatchery
population is founded from this population, the expected number of alleles re-
maining  !t'! is  Denniston, 1978!

Z n'! = n � Z l Pz! ' �!

where N is the number of founders.

We can examine the effects of a founding event on the number of alleles
present using Eq. �! and assuming rt equally frequent alleles in our initial pop-
ulation. We can use a quantity A  allelic diversity! as a measure of the propor-
tion of genetic variation remaining based on the number of alleles retained at a
polymorphic locus  n'!, where

n' � 1
zt-- n � 1 �!

Figure 6.2 Allelic divenity  A! remaining ver.
SuS Original number of aueleS after a bnttteneck
of a single generation of sizes 2, 4, l0, and 25
 Eq. 3! All allelea are aasunted to be equally
frcqucnt. The solid circle represents the propor-
tion of heterozygo5tty eXpe:ted tO be retained.
  l � I/2'!.

202

5 'IO 55 20 25
wwfr a aum

and rt is the original number of alleles present, Allelic diversity ranges from I,
when all alleles are retained, to 0 when all alleles but one are lost, It can be
seen in Fig. 6.2 that bottlenecks often have a greater effect on alleltc diversity
than on heterozygosity when multiple alleles are present. For example, al-
though 75% of the heterozygosity is expected to be retained with a founding
size of 2, a maximum of 4 alleles can be retained artd less than half of the al-
lelic diversity will be retained if there are S or more alleles.

In order to judge the potential importance of the loss of alleles in found-
ing a stock we must know something about the number and frequency distribu-
tions of alleles throughout the genome of the species of interest, Unfortunately,
we have very little information about this for any f!sh species. Almost all of our
current information about genetic variation in fish species comes from elec-
trophoretic examination of water-soluble proteins that either are enzymes or are
present in large quantities. DNA-sequencing technology recently has provided
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evidence that the variation detected by the examination of proteins greatly un-
derestimates the actual amount of genetic variation present at a locus. Most of
the genetic variation in DNA sequences at protein-coding loci that have been
studied does not affect the amino acid sequence of the protein produced  Kreit-
man 1983, Ayala 1984!. It should be noted, however, that just because a DNA
substitution does not affect the amino acid sequence does not mean the sub-
stitution will not have a phenotypic effect. Evidence is accumulating that reg-
ulatory changes that affect the time and place of expression of protein-coding
sequences may have greater phenotypic effects than changes in the protein itself
 cf, Allendorf et al. 1983!,

Immunological studies of vertebrates have revealed that blood group and
other histocompatibiiity loci commonly have many alleles at substantial fre-
quencies. For example, the HLA system in humans consists of several tightly
linked genes that are highly polymorphic with many alleles at nearly equal fre-
quencies  Bodmer et al. 1978!, Different HLA genotypes are associated with re-
sistance to a variety of diseases  Thompson 1981!. Remarkably similar histo-
compatibility systems have been found in a wide variety of species  Zaleski et
al, 1983!. Bottlenecks may only slightly decrease heterozygosity, but they cause
the loss of much allelic diversity at loci, such as Hl A, with many alleles. The
increased uniformity of individuals at such loci affecting disease resistance is
likely to make a stock more susceptible to epizootics.

Kffeetive Population Size

The number of breeding individuals in a population usually does not in-
dicate the actual rate af genetic drift. Such factors as the sex ratio and the num-
ber of offspring per individual also affect the rate of loss of genetic variation. It
is desirable that all founding individuals contribute equally to a hatchery popu-
lation to minimize the effects of genetic drift. This effect is seen most clearly
by considering the number of male and female founders. The effective founding
size is greatest when there are the same number of males as females so that
each individual contributes equally. Consider a founding population of 100 indi-
viduals, consisting of 99 females and 1 male. One-half of the genes in the
founded hatchery population will be contributed by the single male 'oecause
each sex contributes equally to the next generation. The "effective" size of this
population, with regard to the effects of genetic drift, will be tnuch less than
100.

The effective population size can be defined as the size of an ideal popu-
lation that would lose genetic variation at the same rate as the population under
consideration  cf. Gall, Chapter 3!. An ideal population is one that has a 1:1 sex
ratio and in which all breeding individuals have an equal probability of being
the parent of any progeny individual. The effective size with unequal numbers
of males  !s! ! and females  N<! can be estimated by  Falconer 1981!
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MAINTENANCE OF HATCHERY POPULATIONS

Nonselective Changes
There are also general genetic principles that should be applied to

achieve the objective of minimizing genetic change in hatchery stocks after the

Thus, a population of 99 females and one male will have an effective popula-
tion size of only 4. In other words, genetic drift in this population is expected
to be comparable to that in a population of 2 males and 2 females,

Fertility and fecundity differences must also be considered to ensure that
all founders contribute equally to the next generation. For example, some fe-
males may have more eggs than others and some males may be more successful
in fertilization because of hatchery spawning procedures. We can maximize ef-
fective population size by minimizing such differences between individuals,
Such a procedure can actually increase the effective population size beyond the
total number of parents used because the ideal population is expected to have
random differences in contributions between individuals due to chance, Thus, if
we can equalize the contribution of all individuals, the effective population size
will approach twice the number of reproducing individuals  Denniston 1978!,

As an example, consider a situation with 10 females, 7 of which have
1,000 eggs each, and each of the 3 remaining females have 10,000 eggs. Due to
the large variation in fecundity the effective number of females is only about 4
 see Crow and Morton 1955 and Ryman et al. 1981 for computional pro-
cedures!. Equalizing the contributions so that each female contributes 1,000
eggs will result in approximately 20 effective females. Thus, discarding the ma-
jority of the eggs greatly increases the effective number of females. It is fairly
simple to equalize individual contributions with fishes that have external fertil-
ization. Families from a single male and single female can be made and kept
separately during the early period of high mortality. Equal numbers of fr> from
each family can then be placed together.

No ideal number of individuals needed to found a hatchery population
that emerges from these theoretical considerations of genetic drift, The limiting
consideration is probably the expected loss of infrequent alleles with small pop-
ulation sizes. For example, at least 30 founders have to be used to be 95% sure
that an allele at a frequency of 0.05 will be present in the founders  Eq. 3!. We
suggest that a founding population of at least 25 females and 25 males is a rea-
sonable absolute minimum  Ryman and Stahl 1980, Shaklee 1983!. We also
strongly urge that efforts be taken to equalize the contribution of all founders,
With salmonids, the procedure suggested above is practical and should be ef-
fective. Procedures with other species will depend upon the reproductive biol-
ogy of the species and the hatchery facilities available.
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founding event. The principles of genetic drift that apply to maintenance apply
equally to the founding of a hatchery population. Approximately l/2iV of the
genetic variation is expected to be lost every generation  Eq. 2!. Thus, after t
generations

 i � i.  ZA']'

of the genetic variation is expected to be retained, Approximately 10% of the
genetic variation will be lost in a stock with an effective population size of 50
after ten generations. Thus, a population size of considerably more than 50 is
desirable after the initial founding event to achieve the objective of minimizing
genetic changes induced by artifical propagation in a hatchery. Efforts should
also be made within practical constraints to equalize the genetic contribution of
individuals.

Selective Changes
Some selective changes in a hatchery stock are unavoidable  Hynes et

al. l981!; for instance, those genotypes with poor survival in a hatchery will be
selected against. Perhaps more important, however, are the mortalities that
would occur in the wild that may not occur under hatchery conditions, Thus,
physiologically or morphologically inferior genotypes that would be selected
against in the wild  e.g., albinisin! may contribute to subsequent generations in
the hatchery and therefore may be found at higher frequencies in hatchery
stocks. This "release" from natural selection may contribute substantially to the
deterioration of hatchery stocks.

Selection for hatchery conditions must be minimized. For example,
selection for larger or uniform size should be avoided, Such selection is com-
mon in hatcheries because of difficulties in maintaining fishes of different
sizes, Selection for other traits, such as body shape or conformation, also
should be eliminated. Only fish with obvious morphological deformities  e.g.,
missing fins or opercular flaps! should be selectively removed from the
broodstock.

Time of spawning is also an important consideration. An effort should
be made to save fish that are fertilized throughout the spawning period for in-
clusion in the broadstock. Use of fish spawned on only one day during the
spawning season causes selection for a particular phenotype  time of spawning!
and will have the same effects as other forms of selection. individuals ripe for
spawning on a particular day are, on the average, more likely to be related than
two individuals chosen at random from the broodstock. This nonrandom sam-
pling of the broodstock will decrease effective population size. Moreover, the
population will respond to this selection, so that an increasing proportion of the
population will be ripe at the time the brood fish are selected. This is likely to
change the time and reduce the variability in time of spawning of the
broodstock.
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Reintroduction of eggs or sperm from wild fish may be desirable under
some circumstances, This would minimize the divergence between the wild and
hatchery stock and still allow some adaptation to hatchery conditions so that the
population could be maintained successfully. Ihere is no ideal frequency and
proportion of such "infusions" from the wild. However, a 10% contribution of
wild fish every second or third generation would be sufficient under most cir-
cumstances.

Recommendations for Population Maintenance
We recoinmend that a minimum population of at least 100 males and

100 females be used to sustain a hatchery population  see also Shaklee 1983!.
All types of selection should be avoided in order to minimize adaptation to
hatchery conditions. We also recotnmend that efforts be made to equalize the
genetic contribution of individuals by using equal numbers of males and fe-
males, by using approximately the same number of eggs from each female, and
by using one male to fertilize the eggs from a single female. The importance of
these actions depends upon the number of spawners used. If far more than 200
fish are used, these actions are probably not necessary, lf the population is re-
stricted to well below the recommended size, other actions can maximize ef-

fective population size. For example, marking full-sib groups would make it
possible to equalize the contributions of each family to the next generation and
thereby increase effective population size.

Our recommendations are based on the fact that a breeding program for
hatchery-reared fish to be planted into the wild has goals very different from
those of a breeding program for aquaculture. Fish planted in the wild must sur-
vive long enough to provide angling, and, in some cases, to reproduce. Thus,
sufficient numbers of reproducing adults should be used to minimize the loss of
genetic variation through the inbreeding effect of small populations sizes. In ad-
dition, we recommend that action be taken to minimize adaptation to the hatch-
ery environment since such changes are likely to reduce the performance of fish
planted in the wild,

The differences in the genetic goals of aquaculture and producing fish
for release in the wild have not always been kept clear. For example, a recent
book describing hatchery methods for salmon and trout culture  Leitritz and
Lewis 1976! states the objective of the trout selective breeding program used by
the California Department of Fish and Game: "to supply quality brood fish and
at the same time to improve the economics of the production of fingerlings,
subcatchable, and catchable fish through genetic means." Unfortunately. the
criteria of quality used all relate to performance in the hatchery size of eggs,
number of eggs, percent egg mortality, size of fingerlings � and mortality of
fingerlings yet only ten full-sib families are selected on the basis of these crite-
ria to produce the next generation of the broodstock.

Such a program may be desirable for aquaculture but is likely to limit
the performance of a broodstock designed to produce catchable fish. Five per-
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cent of the genetic variation is expected to be lost each generation because of
the small number of parents used in this scheme  Eq. 2!. Many studies with
trout and other species have indicated that a loss of 10"7o percent of the genetic
variation usually produces detectable harmful effects on a wide variety of im-
portant characteristics  e.g., fecundity, survival, and growth!. In addition, the
selection scheme is based only on hatchery performance with no consideration
of the performance of the stock in the wild; this is likely to reduce further the
performance of these fish when released from the hatchery.

MONITORING HATCHERY STOCKS

The recommendations outlined above are aimed at avoiding excessive
genetic changes caused by genetic drift or adaptation to hatchery conditions.
Unfortunately, following these recommendations provides no absolute guaran-
tee that genetic changes will be kept at a low level. A mistake when handling
fish or eggs may result in inadvertent mixing of stocks, for example, or reduced
survival of some families in the artificial hatchery environment may drastically
reduce the number of effective parents. A monitormg program is necessary to
ensure that unwanted genetic changes do not occur, or at least that they do not
go undetected  Hynes et al. 1981!.

A number of factors should be considered when constructing a genetic
monitoring program. The optimal design is dependent on the hatchery facilities
available, the purpose and time scale of the hatchery program, and species
characteristics  e.g., discrete or overlapping generations and generation inter-
val!. !f the purpose is to conserve the last remnant of a unique population, it
tnay be inore important to identify inadvertent admixture with other stocks than
to detect modest reductions in the level of genetic variability. I1ie opposite may
be true for a stock that is founded from a mixture of populations and that is per-
petuated with the primary purpose of representing as much allelic diversity as
possible.

A thorough treatment of the design aspects for efficient genetic monitor-
ing programs for hatchery stocks would include a considerable amount of ad-
vanced population genetics and statistical estimation theory, Such a presenta-
tion is beyond the scope of the present volume, but an important question about
the genetic management of many hatchery stocks follows: When perpetuating
the stock, we have strived for a minimum number of 200 effective parents per
generation. Do the gene frequency data collected over the last few years indi-
cate that we have achieved this goal?

Severe reductions in the effective number of parents can be easily de-
tected in most stocks, but the hypothesis testing is inuch more complicated for
detection of minor differences between the assumed and real number of ef-

fective parents. For rigorous treatments of this and related probleins, the reader
is referred to texts such as Hill �979!, Pamilo and Varvio-Aho �980!, Nei and
Tajima �981b!, and references therein. For the purpose of the present chapter,
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we confine the discussion to some basic aspects of genetic monitoring that
should be applicable to most situations of genetic management of hatchery
stocks,

A genetic monitoring program should ideally include many charac-
teristics that directly or indirectly reflect the variation at a large part of the en-
tire genome, However, the information needed for most practical purposes may
be obtained by analyzing a sufficiently large number of electrophoretic loci and
a carefully selected set of morphological characters.

Protein Electrophoresis
A properly designed monitoring program should be based on a detailed

genetic description of the founders. The genes present in the founders constitute
the basis of the stock, and considerable effort must be expended to depict the
founders' genotypes in this initial phase of the program. We consider it s mini-
mum requirement that some 30-50 electrophoretically detectable loci be scored
for each founder contributing to the first generation of the stock. Analyzing
only a random sample of the founders should not be considered unless the num-
ber of founders is large  e.g., exceeding 300 individuals of each sex!. The loci
analyzed should include as many as possible of those that have previously been
shown to be polymorphic in the species. Frozen tissue samples from the found-
ers may be stored to permit future analyses of additional loci.

The monitoring is quite straightforward once the genotypic frequencies
of the founders have been determined. In each generation  or year-class! a ran-
dom sainple from the stock is analyzed for all the loci scored in the founders. It
is imperative that loci found to be nonvariable in the founders also be inc!uded
in the study; polymorphism at an initially monomorphic locus is the most ob-
vious indication of mixing with another stock.

lf the hatchery program runs satisfactorily, allele frequency variations
between generations should not be larger than what may be explained by ran-
dom genetic drift. However, the different steps in the various statistical sam-
pling processes must be considered when evaluating observed shifts of allele
frequencies. Preferably, the genotype should be determined for each fish used
in breeding, that is, for all the fish chosen as parents for the next generation.
The allele frequency observed in a particular generation of parents can then be
regarded as a statistical parameter that is determined exactly without sampling
error. This can be easily done in semelparous species such as the Pacific sal-
mon, which die after spawning and may be sacrificed after stripping.

Consider, for example, a stock of a semelparous species that is main-
tained with a presumed minimum effective number of 200 parents. Assume that
a particular allele is found to occur at the frequencies P and P' among the
breeders from two consecutive generations, respectively, Then, the absolute
value of the difference between P and P' is not expected  with 95% probability!
to exceed 2V [Pl l-P!/400]  Eq, 1!, A larger difference would indicate some de-
viation from the genetic conditions desired for the stock. When information is
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available for multiple independent loci, the differences observed may be evalu-
ated jointly. At each particular locus the quantity

approximately follows a chi-square distribution with one degree of freedom.
'Ihese quantities can be added over loci, and the sum should be chi-square dis-
tributed with degrees of freedom equal to the number of loci.

In iteroparous species the breeders are often spawned repeatedly, and
they may not be available for electrophoretic analysis until years after producing
their first offspring, In such cases, the magnitude of the allele frequency differ-
ence between two consecutive generations of breeders  P � P'! must be esti-
mated indirectly from allele frequency estimates obtained from a sample of
their offspring. In statistical terms this means that the parameters P and P' are
estimated by the statistics p and p' representing the observed allele frequencies
in the two samples of offspring, respectively. Similarly, the difference  P � P'!
must be estiniated from the difference  p � p'J, the sampling error of which is
considerably larger than a simple binomial one,

In situations like this it is imperative that the statistics p and p' be based
on sample sizes large enough to provide an accurate picture of the true differ-
ence they are meant to estimate. This may be particularly important when gen-
erations are overlapping and the magnitude of temporal allele frequency
changes must be inferred from differences between year classes rather than gen-
erations. Without going into the statistical details, we suggest the following rule
of thumb, which should provide sufficient accuracy in most practical situations:
lf the goal is to maintain the stock with a minimum number of N�effective par-
ents per generation, each of the p and p' estimates should be based on no fewer
than ZV, offspring individuals.

In addition to the allele frequency data, the genotypic distributions may
provide information of critical importance for understanding the genetic devel-
opment of the stock. For instance, an excess of heterozygotes relative to bino-
mial  Hardy-Weinberg! proportions is expected to occur in the offspring from a
parental generation in which allele frequencies are different in males and fe-
males. Such a difference between sexes may result from stock mixture or from
a severe reduction of the effective number of parents of either sex. A deficit of
heterozygotes is expected if inbreeding is occurring; that is, if there is a tend-
ency for related individuals to be mated together, Such a tendency could result
from the fact that the individuals ripe on a particular spawning day have a
greater than average probability of being related because of the genetic control
of spawning time.

ln contrast, an inadvertent stock hybridization that is not associated with
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Table 6.2 Approximate nuinber of sainpled fish required to provide a 90% probability of obta ning
an allele frequency difference that is sta istically significant a  the 5% level. 1he admixed stock
represents a mixture, or hybrids, between  hc uncontaminated stock that is being monitored and a
foreign one characterized by a different allele frequency. Sample sizes are given for selec 
coinbina iona of foreign stock admixture ra c and anclc frcqucncy for two cases with allele
frequencies 0.5 and 0.9. See text for further explanation.

Case 1. Uncontamina ed stork allele frequency = 0.5

Foreign stock al!ele frequency
Foreign stock
admixture rate O,I 0.2 II.3 0.4

1,046 1,637 2.914  i,563
37 61 112 258
6 12 24 61

26,265
1,046

258

10%
50%

100%

Case 2. Uncontaminated stock ailletc frequency = 0 9

Foreign stock allele frequency
Foreign stock
admixture rate 0.2 0.4 0.6 0.8

248
15
4

458 1,186
27 65
8 70

9,873
458
132

10%
50%

100%

159
9

gene frequency differences between sexes is not expected to result in deviations
from Hardy-Weinberg proportions. Such a situation may occur if males and fe-
males from different stocks are mixed and mate at random within the mixture.

However, if there are gene frequency differences between the stocks, a hy-
bridization of this type will result in nonrandom associations between alleles at
pairs of loci  linkage disequilibrium; cf. Campton, Chapter 7!. Thus, the analy-
sis of single and multiple locus genotypic distributions may provide extremely
valuable information critical for the detection of genetic changes or for explain-
ing the possible cause of unexpected shifts of allelic frequencies.

Some examples of the approximate sample sizes needed to detect allele
frequency differences at a single locus with two alleles are given in Table 6.2.
'nie sample sizes have been calculated  sokal and Rohlf 1981, chap. 17! for a

situation in which a sample from an uncontaminated stock is compared with
one from a population representing a mixture between that stock and another
one that has a different allele frequency, The statistical test is for allele fre-
quency homogeneity; possible differences may be due to either hybridization or
mixing of offspring fro n the two stocks. The 100'7c admixture may represent a
situation in which a group of fish has been mislabeled. Fairly small samples are
sufficient to detect admixture wheri allele frequency differences are large. How-
ever, mixing is difficult to detect when stocks have similar allele frequencies.
Each locus that is examined may be considered an independent statistical test.
Therefore, the ability to detect admixture increases with each additional locus
that is analyzed. For example, the allele frequency difference» typically ob-
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served in multiple locus studies of natural populations  e.g., Stahl, Chapter 5!
provide considerable statistical power even with moderate sample sizes.

Electrophoresis is the most efficient tool for determining the genetic
constitution of large numbers of individuals  Chapter 2!. It is, therefore, the
basic and primary technique to be applied for direct genetic monitoring of
hatchery stocks, However, in some special situations it may be necessary to ap-
ply additional techniques to depict the genetic characteristics of a stock, For in-
stance, chromosomal markers may be sought in species or stocks which exhibit
unusually low levels of electrophoretically detectable genic variation  Chapter
13!. Restriction enzyme cleavage patterns of the maternally inherited
mitochondrial DNA  mtDNA! may also be analyzed in such cases or when
there is particular interest in determining the relative genetic contribution from
different females  Chapters 1 l and 12!,

It must be remembered, though, that in the context of genetic monitor-
ing of the hatchery stocks, mtDNA analyses can provide little direct genetic in-
formation other than the number of maternal mtDNA-lineages present in the
stock. Analysis of mtDNA provides no information about either the genetic
contribution of the males or the genes located on the chromosomes in the nu-
cleus, which constitute the vast majority of the genome,

Morphological Characters
The loss of genetic variation has been found to have harmful effects on

embryological development in fish. 'Here are several reports of increased fre-
quency of deformed individuals associated with the loss of heterozygosity
caused by inbreeding in fish species: carp, Cyprinus car pio  Moav and
Wohlfarth 1963, Kirpichnikov 1981!, swordtail, Xiphophorus helleri  Baker-Co-
hen 1961!, rainbow trout, Saimo gairdneri  Aulstad and Kitielsen 1971, Kincaid
1976a,b!, and channel catfish, Ictahirus punctatus  Bondari 1983!, Kir-
pichnikov �981! has suggested that an increase in the frequency of mor-
phological deformities could be used as an indicator of the loss of variation due
to breeding practices.

Fluctuating asymmetry is potentially a much more sensitive mor-
phological indicator of the loss of heterozygosity than the fiequency of mor-
phological defortnities. Fluctuating asymmetry is said to occur when the differ-
ence between a character on the left and right sides of individuals is normally
distributed about a mean of zero  Van Valen 1962!. Phenotypic differences
within individuals for bilateral traits exhibiting fluctuating asymmetry reflect
the inability of an organism to develop precisely along predetermined pathways.
Increased fluctuating asymtnetry is an indication of increased developmental in-
stability and may reflect reduced genetic variation.

Results with salmonids indicate that fluctuating asymmetry is sensitive
enough to detect differences in developmental stability between individuals with
different amounts of heterozygosity at isozyme loci in noninbred populations
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 Leary et al. 1984b!. Results with a hatchery strain of westslope cutthroat trout
 Salmo elariri lewisi J known to have reduced genetic variation  Allendorf and
Phelps 1980! and with gynogenetic diploid rainbow trout confiim that the loss
of heterozygosity in inbred fish produces detectable decreased developmental
stability as measured by fluctuating asymmetry  Leary et al. 1985a,b!. Thus,
fluctuating asymmetry provides a potentially valuable measure of the loss of
heterozygosity in fish populations. In this section. we discuss the procedures for
using this technique and its applications. The procedures can be outlined in
three steps:

~ Select a number of morphometric or meristic bilateral characters in
which differences between the sides can be accurately detected. It is de-
sirable to work with a suite of meristic traits that are all determined

 "fixed"! early in development. Thus, fishes of different ages and sizes
can be directly compared. It is difficult to determine what correction
should be used to compare fish for traits that continue to increase
throughout the life of the fish  Valentine and Soule 1973, Valentine et al.
l973, Soule and Cuzin-Roudy 1982!.
~ Score a number of individuals from several populations for the char-
acters chosen. Check for the existence of directional asymmetry or anti-
symmetry for each character  Van Valen 1962!. Directional asymmetry
occurs when there is normally a greater development of one side than of
the other. It can be detected when the mean values differ systematically
between the two sides. Directional and fluctuating asymmetry may oc-
cur together in the same character. The directional asymmetry can be
corrected so that differences in fluctuating asymmetry can still be mea-
sured  Mather 1953!. Antisymmetry occurs when asymmetry is nor-
mally present, but it is variable which side has greater development. An
example of this is handedness in "major league baseball outfielders,
who do not, however, form a Mendelian population"  Van Valen 1962!.
Antisymmetry results from a negative interaction between sides and can
be detected by a birnodal distribution of the signed differences between
the sides, This distribution may also result from extreme fluctuating
asymmetry, as shown by Mather �953! in populations where he se-
lected for asyinrnetry,
~ A measure of asymmetry must be used so that an overafl value of
asymmetry can be assigned to each individual and an average value of
asymmetry can be estimated for the population, There is no single best
estimator of overall individual asymmetry; it depends upon the distribu-
tions of the characters that are used  see Leary et al. 1984b, Valentine et
al, 1973, Vrijenhoek and Lerman 1982, Felley 1980!.
This procedure will provide a relative measure of the average amount of

developmental stability in a population. We envision the most valuable use of
this technique to be the monitoring of populations through time.. A progressive
increase in average asymmetry would indicate a loss of genetic variation
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through inbreeding or an increase in environmental stress. The ideal momtoring
program would combine an examination of allele frequency changes at isozyme
loci and changes in iluctuating asymmetry. Such a program would be able to
both detect the loss of genetic variation and simultaneously evaluate the effects
of such loss on the population.

The monitoring of lluctuating asymmetry is especially desirable in a
program concerned primarily with detecting loss of genetic variation. Only a
few of the many polymorphic loci throughout the entire genome can be de-
tected with electrophoresis. Significant loss of genetic variation may go un-
detected by an examination of a Few electrophoretically detectable loci. How-
ever, results with salmonids indicate that even slight reductions in genetic
variation are detectable by an examination of fluctuating asymmetry  Leary et
al. 1984b, 1985a,b!. In addition, the generally high heritabilities of meristic
traits  Leary et al. l985c! makes them potentially suitable for detecting genetic
changes caused by genetic drift or stock admixture.




