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Introduction

The first section describes what effective breeding number (N¢) is and why it needs to be
managed. The N, described below is the N, that is produced in hatcheries when the fish are
spawned. It is not the N, that Tom Turner’s group measures in the river. While the two are
related, this discussion does not pertain to the work that they are conducting.

The background information (pages 1-5) is optional. If you already understand or do not care
to understand this subject, go directly to Artificial Propagation of Rio Grande Silvery Minnow

(page 95).

Captive Propagation and Genetics

Whenever humans intervene in and manage a species’ life cycle, we usually produce
irreversible changes in the population’s gene pool, because when we manage and control
reproduction we cause changes via domestication, inbreeding, and genetic drift (directed,
planned changes will not be discussed). Preventing changes in the gene pool should be the
primary goal of any conservation program. A major reason for this is that we do not know
what genes are needed for survival, and even if we knew the genes that would maximize
survival and reproductive success this year, they might not be the genetic combination that
would be most beneficial next year due to changes in water flow, etc. It has been shown that
captive propagation of fish reduces fitness in the wild (Reisenbichler and Rubin 1999; Lynch
and O’Hely 2001; Araki et al. 2008, 2009; Fraser 2008).

The optimal breeding program for any aquaculture-assisted fisheries program should be to use
natural reproduction (Ford 2002). However, this isn’t always possible. When natural breeding
is not possible, artificial reproduction is required. When using artificial spawning programs,
the major goal should be to maximize N.. The reason this is the primary goal is that N, is
inversely related both to inbreeding and genetic drift.

Inbreeding

Inbreeding is the mating of relatives. Even though planned and directed inbreeding can be
beneficial, unintentional and unplanned inbreeding can cause problems. Genetically,
inbreeding increases homozygosity in the offspring, which means it also decreases
heterozygosity.

Unplanned inbreeding can cause what is termed “inbreeding depression,” which is a lowering
of mean fecundity, fitness, survival, growth, and an increase in the percentage of abnormal
individuals (Tave 1999). Inbreeding has been shown to decrease return rate of salmon that are
stocked in the wild (Ryman 1970).
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Because inbreeding is the mating of relatives, inbreeding can be minimized in small
populations if you can mark individuals and prevent relatives from mating. Unfortunately, this
is difficult for fish. Therefore, aquaculturists must manage the population as a whole to
minimize the accumulation of inbreeding. To do this, aquaculturists must manage N. (Tave
1993, 1999).

N, is determined by the number of males and females that reproduce and leave viable offspring:

Ne.= 4(number of females)(number of males)
(number of females) + (number of males)

Thus, N, is determined by the number of males that leave viable offspring, by the number of
females that leave viable offspring, and by the sex ratio of the parents. This means that N; is
maximized by increasing both the number of males and females that are spawned and by
bringing the sex ratio as close to 1:1 as possible. Skewed sex ratios, which are often used in
aquaculture, make N, far smaller than the number of brood fish that are spawned. N, is most
strongly influenced by the least represented sex; e.g., when few males are used, N.
approximates the number of males rather than the total.

The reason aquaculturists and fisheries biologists need to manage N, is that it is inversely
related to inbreeding:
F =1/2N.

where F is the amount of inbreeding produced (0-100%) in a single generation; F is the percent
increase in homozygosity. This formula shows that as N decreases, F increases (Table 1); N¢’s
<50 produce large amounts of inbreeding per generation.

In a closed population, once inbreeding has occurred, it lowers the N, of the next generation:
Ner =N:./1+F

where Ngr is the effective breeding number in a closed population with F >0%. For practical
purposes, the total F that is produced over a series of generations can be calculated by summing
the F that is produced in each generation, without considering previous inbreeding.

How big should N, be to minimize inbreeding? Unfortunately, there is no universal value of F
that aquaculturists or fisheries biologists want to avoid, which means there is no universal Ne.
N¢’s ranging from 30-500 have been recommended; 50 and 500 are the most common values
(Tave 1993, 2008). To calculate a desired N, one must determine what level of genetic risk is
acceptable; in this case, it is the maximum amount of inbreeding that is desired after a given
number of generations (Tave 1999). Table 2 shows the constant N.’s that are needed to
produce F of 1-10% after 1-50 generations.

Those who produce fish for fisheries or conservation augmentation programs should try and
keep F = 1-5%, with F = 1% being the desired goal for a minimum of 20 generations, since the
major management effort in these enterprises is to prevent changes in the gene pool over a long
period (Tave 1999).
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One critical concept in managing N, to achieve a desired inbreeding goal is that the N. must
never go below the desired N.. If it is smaller for just one generation, the inbreeding goal will
not be achieved, because the mean N, over a series of t generations is not the arithmetic mean,
but the harmonic mean:

Nemean = l/t(l/Nel + 1/Ne; + ---1/Net)

This formula shows that the generation with the smallest N, has a disproportional impact on
mean Ne.

A second critical concept is to minimize the variance of family size. Unequal reproductive
success lowers Ng:

Nevr = S(Ne)___
ng + ng +4

Where Neur is N when there is unequal reproductive success, and Viz and Vio are the
variances of male and female family size.

This formula also shows a very interesting fact: If the sex ratio of the brood fish is 1:1 and
there is single-pair matings, and if the variance of both male and female family size = 0, N, will
be twice the number of fish that spawn (if each male leaves one son and each female leaves one
daughter). This is called pedigreed mating, and it is one way to increase N, in small population
(Tave 1984).

Hatchery-produced inbreeding problems should not be a major cause of concern in Rio Grande
silvery minnow propagation, because we use wild-sourced eggs to produce our brood fish.
This means we do not spawn from a small, closed population.

Genetic Drift

Genetic drift is random changes in gene frequency—changes that are not due to selection or
mutation. The causes of the random changes can be natural, such as a landslide that divides a
population, or it can be man-made, which occurs when fish culturists spawn their fish.

Under normal conditions, the number of fish that reproduce and leave viable offspring is far
less than the number of adults; this is especially true in aquaculture. When this subsample
spawns, there is a chance that the frequencies of one or more genes will be different in the
offspring than they were in the parental generation, and the fewer that are spawned, the more
likely that changes will occur. The ultimate effect of genetic drift is the loss of alleles, and the
lower the gene frequency the more likely the allele will be lost via genetic drift.

The loss of genetic variance makes a wild population more vulnerable to extinction, because it
has lost the genetic variability that might have enabled it to adapt to changes in the
environment. A number of hatchery stocks have been evaluated, and no matter how much
effort was expended in preventing genetic drift, it occurred and reduced genetic variance (e.g.,
Allendorf and Phelps 1980; Hallerman et al. 1985: Vuorinen 1984; Heggenes at al. 2006).
The loss of genetic variance via genetic drift has been shown to increase the number of fish
with developmental disorders (e.g., Leary et al. 1985).

The relationship between N, and genetic drift is:

o’ Aq = P9/2Ne



Tave and Hutson 4

where Gqu is the variance of the change in gene frequency (the way genetic drift is measured),
and p and q are the frequencies of alleles p and ¢ for a given gene. As was the case with
inbreeding, genetic drift is inversely related to N; the smaller N, the more likely that genetic
drift will change gene frequencies.

Because it is difficult to prevent genetic drift in managed populations, genetic drift must be
partitioned into acceptable and unacceptable changes for management purposes (Tave 1999).
A change in the frequency of an allele from, say, 0.4 to 0.38 might not be critical so that can be
classified as acceptable, but the change in the frequency of an allele to 0.0 is critical and needs
to be prevented, which means that is classified as unacceptable. Consequently, N. must be
managed to minimize the loss of alleles; since rare alleles are more likely to be lost than
common ones, preventing the loss of rare alleles via genetic drift should be the management
goal.

The probability of losing an allele of frequency q via genetic drift in a single generation is:
P=(1-9™

The probabilities of losing an allele (f = 0.001-0.5) for a single generation are shown in Table 3.
Table 3 shows that small N.’s are needed to prevent the loss of common alleles (f >0.2), while
large N.’s are needed for rare alleles (f <0.01).

When managing a population’s N, to minimize genetic drift, one must determine what genetic
risk is acceptable; in this case, it is the desired guarantee of keeping an allele (1.0 - P) of a
specific frequency after a given number of generations. Geneticists and population biologists
consider that an allele whose f = 0.01 contributes to polymorphism, so the goal of fisheries
management and conservation programs should be to save alleles whose f = 0.01 (if this is
done, more common alleles will also be saved).

Constant N¢’s needed to produce 99% and 95% guarantees of saving alleles (f = 0.001-0.1) for
1-50 generations are shown in Table 4. It is easy to prevent the loss of an allele whose f >0.05,
but it can be difficult when f <0.005. The values in Table 4 are for a single allele. If there are
100 such alleles, a 95% guarantee means that 95 will be saved, while 5 will be lost.

Recommended N.’s to minimize genetic drift have ranged from 500-5,000, with 500 being the
most common (Tave 2003). Table 4 shows that the common recommendation of N, = 500 will
do a good job of minimizing genetic drift; it will produce a 95% guarantee of saving an allele
whose f=0.01 for >50 generations. However, depending on the genetic goal (risk), the desired
N. can be less than 500.

Since both inbreeding and genetic drift are inversely related to Ne, managing N, can minimize
both.

The N¢’s in Table 5 are those that should be used in conservation programs with durations of
>10 generations, with 20 generations being the desired minimum. The constant N.’s needed
for 20 generations are 378-1,000, depending on the genetic risk. Although the “no risk™ option
in Table 5 is the most desired from a purely genetic view, it is unlikely that it can be
incorporated from a management perspective. Consequently, the “low risk” or “little risk”
options are those that should be incorporated into this type of work. The “little risk” option
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combines F <1% with a 99% guarantee of keeping an allele whose f = 0.005 (rather than f =
0.01, because by generation 20 the N.’s are identical).

It has been suggested that an N, >1,000 will make a population “genetically secure” (National
Research Council 2002). An N, = 1,000 will achieve “moderate” and “low risk” goals for 100
generations and will achieve the “little risk” goal for 20 generations.

Genetic drift must be the major concern in Rio Grande silvery minnow propagation. Genetic
drift occurs whenever the spawning population is not infinitely large. For practical purposes, if
N, 1s >1,000, that can be considered infinite for practical management purposes (National
Research Council 2002) to minimize both inbreeding and genetic drift. However, if
minimizing genetic drift is the only genetic goal, the N¢’s in Table 4 can be used as guidelines.
If N, = 424 every generation, the guarantee of saving alleles with f = 0.01 will be 99% after 50
generations. Thus, the commonly stated recommendation that N. = 500 would produce good
management.

Artificial Propagation of Rio Grande Silvery Minnow

Current Spawning Protocol

The Propagation Plan (Remshardt et al. 2009) tasks Dexter with producing 200 pair spawns and
the BioPark with producing 50 pair spawns. If each mating is truly a single-pair mating and
each family is the same size, this will produce N, = 500.

Currently, the artificial pawning program is to place hormone-injected groups of fish into tanks.
In 2010, Dexter placed a maximum of 10 males and 10 females in 250-gal tanks (M. Ulibarri,
Dexter NFHTC, pers. comm.). It is often stated that when this is done that there are 5 or 6 or
10 “pairs” of fish, but this is not technically accurate—they are groups of fish. The fish in each
tank are allowed to choose their mates and eggs are harvested without regard to pedigree. The
only way to estimate the number that spawn in each group is to examine females to see if they
are spent, and to assume the same number of males spawned in a 1:1 ratio. In 2010, Dexter
injected 230 females and estimated that 84% (193) spawned (M. Ulibarri, pers. comm.). Based
on an assumed 1:1 mating ratio, this would produce an N, = 386.

In 2010, the BioPark artificially spawned fish twice; they stocked 23 females and 16 males in 3
tanks, and 26 females and 29 males in 6 tanks (Houtman 2010).

This protocol is efficient in terms of labor and egg production, but it can have negative
consequences for the genetics of the population. There is no evidence to support the idea that
males and females pair when they spawn and that they are monogamous. Additionally, the
survival rate of each family is not determined. This means the actual N, is probably smaller
than the estimated one. For example, if there are 10 males and 10 females in a tank and they
pair up and produce 10 full-sub families of equal size, the N, for that tank is 20. However, if
only 4 males sire all of the offspring from the 10 females the N. = 11.4. It will be even smaller
if fewer females spawn or if all of the offspring from a female die. The N, can be reduced even
more if there is a large variance in family size. Consequently, the N, that is produced is likely
to be far smaller that which is estimated.
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An Alternate Approach

A better approach to maximizing N., maximizing heterozygosity, and preserving rare alleles
would be to make what is called “n-allele” artificial matings (Busack and Knudsen 2007). This
approach subdivides the population into groups of 2-5 males and 2-5 females (it could contain
more than 5 males and 5 females, but it becomes impractical), and uses the sperm from each
male to fertilize a sample of eggs from each female. To do this, the fish must be striped, a
standard hatchery practice.

We recommend spawning 250 wild caught males and 250 wild caught females (N. = 500). The
fish would be randomly divided into groups of 5 males and 5 females and the matings
described above would be done in each group. There would be 50 of these groups. This
mating protocol, using groups of 5 males and 5 females per group, would produce both full-sib
and half-sib families: 25 full-sib families, with 5 full-sib families nested within each of 5
paternal and 5 maternal half-sib families in each group.

A major aspect of this program is to equalize family size so that the variance of family size
does not lower N.. To do this, each family must be raised in a separate unit until family size is
equalized. The number of fish from each family can be determined by production needs. Once
family size is equalized, the fish can be mixed.

By using this mating protocol we would accomplish several things. First and foremost, we
would have an accurate estimate of the N, that is produced. Second, we would create a larger
Ne, which will minimize genetic drift. Third, by using the n-allele mating protocol, we will
maximize heterozygosity. Finally, this approach will make it more likely that rare alleles will
be transferred to the next generation.

If it is not possible to produce 5X5 mating sets, the number can be lowered, but should not be
less than 2X2. Single-pair matings have a major liability. If one of the parents is sterile or if
the entire family dies, the number of fish that contribute genes to the next generation is reduced
by 2. n-allele matings cannot eliminate the possibility that a fish is sterile or a full-sib family
dies, but it ensures that a problem with one parent will not eliminate a second one.
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Table 1. Relationship between N, and F. F is the inbreeding (percent increase in
homozygosity) produced in one generation in a population with no previous inbreeding.

N, \ F
2 0.25
3 0.167
4 0.125
5 0.1
6 0.083
7 0.071
8 0.062
9 0.056
10 0.05
25 0.02
50 0.01
100 0.005
250 0.002
500 0.001
1000 0.0005

5000 0.0001




Table 2. N, needed per generation to produce F = 1 — 10% after 1-50 generations.
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Maximum level of inbreeding desired

No. 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%
generations
1 50 25 17 13 10 9 8 7 6 5
2 100 50 34 25 20 17 15 13 12 10
3 150 75 50 38 30 25 22 19 17 15
4 200 100 67 50 40 34 29 25 23 20
5 250 125 84 63 50 42 36 32 28 25
6 300 150 100 75 60 50 43 38 34 30
7 350 175 117 88 70 59 50 43 39 35
8 400 200 134 100 80 67 58 50 45 40
9 450 225 150 113 90 75 65 57 50 45
10 500 250 167 125 100 84 72 63 56 50
15 750 375 250 188 150 125 108 94 84 75
20 1000 500 334 250 200 167 143 125 112 100
25 1250 625 417 313 250 209 179 167 139 125
30 1500 750 500 375 300 250 215 188 157 150
35 1750 875 584 438 350 292 250 219 195 175
40 2000 1000 667 500 400 334 286 250 223 200
45 2250 1125 750 563 450 375 322 282 250 225
50 2500 1250 834 625 500 417 358 313 278 250

After: Tave (1999)
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Table 3. Probabilities of losing an allele via genetic drift for eight allelic frequencies for various
N.’s. These probabilities are for a single event (spawning season or acquisition of broodstock).
The guarantee of keeping the allele is: 1.0 — the probability of losing the allele. Once the
probability of losing an allele reaches 1 x 10° (a 99.9999% guarantee of keeping it), no further
probabilities are listed.

Allelic frequency
Ne 0.5 04 .03 0.2 0.1 0.05 0.01 0.001
2 0.06250 0.12960 0.24010 0.40960 0.65610 0.81451 0.96060 0.99601
3 0.01562 0.04666 0.11765 0.26214 0.53144 0.73509 0.94148 0.99402
4 0.00391 0.01680 0.05765 0.16778 0.43047 0.66342 0.92274 0.99203
5 0.00098 0.00605 0.02825 0.10737 0.34868 0.59874 0.90438 0.99004
6 0.00024 0.00218 0.01384 0.06872 0.28243 0.54035 088638 0.98807
7 0.00006 0.00078 0.00678 0.04398 0.22877 0.48768 0.86875 0.98609
8 0.00002 0.00028 0.00332 0.02815 0.18530 0.44013 0.85146 0.98412
9 4x10° 0.00010 0.00163 0.01801 0.15009 0.39721 0.83451 0.98215
10 1x10° 0.00004 0.00080 0.01153 0.12158 0.35849 0.81791 0.98019
14 6x 107 0.00005 0.00193 0.05233 0.23783 0.75472 0.97237
15 0.00002 0.00124 0.04239 0.21464 0.73970 0.97043
20 6x107 0.00013 0.01478 0.12851 0.66897 0.96077
25 0.0000 0.00515 0.07694 0.60501 0.95121
30 2x10° 0.00180 0.04607 0.54716 0.94174
31 1x10° 0.00146 0.04158 0.53627 0.93985
35 0.00063 0.02758 0.49484 0.93236
40 0.00022 0.01652 0.44752 0.92308
45 0.00008 0.00989 0.40473 0.91389
50 0.00003 0.00592 0.36603 0.90479
55 9x10° 0.00354 0.33103 0.89578
60 3x10° 0.00212 0.29938 0.88687
66 9x 107 0.00115 0.26537 0.87628
70 0.00076 0.24487 0.86930
75 0.00046 0.22145 0.86064
80 0.00027 0.20228 0.85208
85 0.00016 0.18113 0.84359
90 0.00010 0.16381 0.83520
95 0.00006 0.14814 0.82688
100 0.00004 0.13398 0.81865
125 3x10° 0.08106 0.77870
135 1x10° 0.06630 0.76328
150 0.04904 0.74071
175 0.02967 0.70456
200 0.01795 0.67019
225 0.01086 0.63748
230 0.00982 0.63114
250 0.00657 0.60638
275 0.00398 0.57679
300 0.00240 0.54865
325 0.00146 0.52188
350 0.00088 0.49641
375 0.00053 0.47219
400 0.00032 0.44915
425 0.00019 0.42723
450 0.00012 0.40639
475 0.00007 0.38656
475 0.00004 0.36770
500 1x10° 0.25393
685 0.25393
1498 0.04991
2302 0.00999
6880 1x10°

From: Tave (1993)
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Table 4. N, needed per generation for 1-50 generations to produce 95% and 99%
guarantees of saving alleles whose f = 0.1-0.001. The guarantee of saving an allele is:
1.0 - probability of losing it.

No. f=0.1 f=0.05 f=0.01 f =0.005 f=0.001

Generations  95%  99%  95%  99% 95% 99% 95% 99% 95% 99%
1 15 22 30 45 150 230 299 460 1498 2302
2 18 26 36 52 183 264 367 529 1838 2647
3 20 28 40 56 203 284 407 569 2038 2847
4 21 29 43 59 218 298 436 598 2181 2993
5 22 30 45 61 229 309 458 620 2292 3104
6 23 31 47 63 238 319 476 638 2382 3195
7 24 32 48 64 245 326 491 654 2459 3272
8 24 32 50 66 252 333 505 667 2426 3339
9 25 33 51 67 258 339 516 679 2584 3398
10 26 33 52 68 263 344 527 689 2637 3450
15 27 35 56 72 283 364 567 730 2839 3653
20 29 37 59 75 297 378 596 758 2983 3797
25 30 38 61 77 308 390 618 780 3094 3908
30 31 38 63 78 318 399 636 799 3185 3999
35 31 39 64 80 325 406 651 814 3262 4076
40 32 40 65 81 332 413 665 827 3329 4143
45 33 40 67 82 3382 419 677 839 3388 4202
50 33 41 68 &3 343 424 687 850 3440 4255

After: Tave (1999)
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Table 5. N needed per generation to minimize inbreeding and genetic drift in hatchery
populations that are used for fisheries or conservation management projects. N.’s are for
four options (level of genetic risk): moderate risk — F <5% and a 99% guarantee of
keeping an allele whose f = 0.01; low risk — F <5% and a 99% guarantee of keeping an
allele whose f = 0.005; little risk — F <1% and a 99% guarantee of keeping an allele
whose f = 0.005; no risk — F <10% and a 99% guarantee of keeping an allele whose f =
0.001.

| Moderate Risk | Low Risk | Little Risk | No Risk
No. generations Keep F <5%;99%  Keep F <5%;99%  Keep F <1%; 99% Keep F <1%; 99%
guarantee for guarantee for guarantee for guarantee for
allele, f=10.01 allele, f=0.005 allele, f=0.005 allele, f=0.001
10 344 689 689 3450
15 364 730 730 3653
20 378 758 1000 3797
25 390 780 1250 3908
30 399 799 1500 3999
35 406 814 1750 4076
40 413 827 2000 4143
45 450 839 2250 4202
50 500 850 2500 4255
55 550 859 2750 4302
60 600 868 3000 4346
65 650 876 3250 4386
70 700 883 3500 4423
75 750 890 3750 4457
80 800 896 4000 4489
85 850 903 4250 4520
90 900 908 4500 4548
95 950 950 4750 4750
100 1000 1000 5000 5000

After: Tave (1999)




