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ABSTRACT

The modern species concept ( Mayr, 1963 ) streﬂs"ses ~the interbreeding
within, and the reproductive isolation between, species.- However, 'inter-
. preeding" is not' strictly an intrasp_ecific characteristic since numerous
interspecific hybrids have been reported, especially-among the temperate

freshwater fishes. In this investigation, hybridizing (interbreeding) popu-

‘ lat.ions of the peamouth chub, Mylocheilus caurinum (Richardson), and

: P » .
the redside shiner, Richardsonius balteatus (Richardson) from Stave

.Lake, British Columbia, were studied to dete,rminei (1) if _inte‘rbreeding
betweéen them was 'resulting in the swarnping-. (lack of reproductive isolation)
of their_ gene pools, avnd (2) if swamping was absent,‘v what isolating mechan -
isms were operative? ' |

To detect the presence or absence of swamping, two approaches were
used. The first measured shifts in means of certain morphological characters
for the two species within and outside the area of hy’oridization. _Tne second
determined the frequency of various hybrid generations. If swamping is
not occurring, the frequency of hybrid backcross individuals_ should decrease
as backcrossing continues.. Both approaches. indicated that swamping is

absent between Mylocheilus and Richardsonijus.
(

In the absence of swamping, isolating mechanisms between the two
species were examined. Seasonal, temporal (diel), spatial, and ethologi-
cal premating isolating mechanisms do not appear to be effective since

Mylocneilus, Richardsonius, and their hybrids spav&n-.at the same time:_

and place within Devils Creek, a major s‘,pawning.'area in Stave La‘ke.'
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Egg and fry survival of crosses involving hybrid individuals were -
measured under experimental conditions to determine if they serve as
postmating i'.solating mechanisms. Fj hybrid males are partially ste rile -
as demonstrated by the poor egg survival of cros ses.involving. them. How-

ever, egg survival of hybrid females when backcrossed with Mylocheilus

and Richardsonius " males was comparable to the parental speciqs‘v crosses.
Thus, fertility is not considered an effective isolating mechanism. The
experiments testing the fry survival o:f the parental species,v reciprocal-

~

F hybrids, and hybrid backcrosses to Mylocheilus(=B CM) yield a clue

to what isolating mechanism prevents swamping. The fry survival of

reciprocal Fy hybrid fry do not differ significantly from Mylocheilus

fry. In contrast, the survival of hybrid backcross to Mylocheilus fry

is approximateiy 20_% less than either reciprocal F; hybrids or Mylocheilus
fry after only 48 days rearing. _Additionall‘y, 11. 5% of the sﬁrviving BCM
fry possess gross abﬁormalitiés. Thus, hybrid.inferiority is demonstrated
experimentally.

Circ_umstantial evidence was also gathered from Stave La.ke in 1967

~which suggests the inferiority of BCM fry. Relative to Mylocheilus,

BCMs were five times more abundant as fingerlings than as adults.

Little information was gathered on hybrid backcrosses to Richardsonius.

They appeared scarce as fingerlings as well as adults.
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INTRODU CTION

The modern concept Qf "species! envision's thgin to-be'. .. groups
of actually or potenti-ally interbreeding populatidns which are reprodué-
tively isolated from other_ Such groups. "' (Mayr, 1963). This concept
stresses the interbreeding Kit_h_i_r}, :and the reproduc.tiye isolation ’betweeh,
sﬁecie s. Within the .1a.tst thirty ;years, Dr.A Carl. L. Hubbs and his colleagues
demonstra-fe'd that interbreeding between supposedly valid spec;es is common
among freshwater fishes, and scores of hybrids are reported among th’e-
Catostomidae, Centrarchidae, and Cyprinidae. Is interbreeding 1between
suppos.edly valid . species reconcilf;tble with the model;n_ species concept
(Dobzhansky, 1951; Sibley, 1961; Bigelow, 1965; ana Hagen,. 1967)? This
question has interésted evolutionists for many years and, consequently,
they have made concerted efforts to understand the relationship between
hybrids, hybrid zones, and reproductive isolation. L To clarify this rélation—

ship, mechanisms which maintain the genetic integrity (reproductive isolation)

{ .
~

between two species must be un‘derstood. Mayr (1963) divides these into
premating and postmating isolating mechanisms, a divisioh based on the
order in which they operate.

When two closely related, geographically isolated., populations re-

establish contact, there are at least four possible outcomes: 1) the two

I)'.. refers to the protective de.\‘rices of a harmoniously coadapted gene pool .
against destruction by genotypes from other gene pools. .o (Mayr, 1963).



populations do not interbreed because of effective premating isolating
mechanisms, and so maintain the: genétic intégrity of 'the_popula.tionsﬁ '
2) tfle two populations do interbréed but selection against the hybrids
maintains the genetic integriﬁy of the populations; 3) the two populations
inte rbreedvand certain rejcombinant types are iat a selective advanfage
and, therefore, provide new genes to the gene pool(s) of one 61‘ both
populat_:ioné .(intro‘gressionz,). "In .such cases, reproductive‘ isolation is
maintained between the populations because the introgressed genes do not
destroy.— -but increase --the harmony of the ;oadapted gene pools; or
4) the’populations interbreed, fusing into a single population .(swémping),
and genetic integrity is lost. |

According to the s'p>ecies definition of Mayr, the populations in situ-
ation.s (1), (2), énd(3) hav'ebattvained specific status. Hvowever, the dist-
inction Betweeq_(Z), specific status, and (4), swamping, is (iifficult to
make unless the populations have been observed fér some time, or unless

in the former case selection against the hybrids has been demonstrated.

The peamouth chub, Mylocheilus caurinum (Richardson), and the red-

side shiner, Richardsonius balteatus (Richardson), are two common

cyprinid fishes in British Columbia and the northwestern United States, and
the two speciesv coexist in many localities without interbreeding (Fig. 1).
In fact, it is difficultto find large areas where their distributions do not

overlap. Two suchareas are Vancouver Island and the Sechelt Peninsula

2) Introgression is '...an infiltration of the germplasm of one épecies into
that of another. " (Anderson and Hubricht, 1938). o



Figure 1.

The peamoath chub, Mylocheilus caurinum (above),

redside shiner, Richardsonius balteatus (below),

and their hybrid (middle). All three fish are in

spawning coloration.
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where only Mylocheilus is found. In one locality, Stave Lake, British

Columbia, Mylocheiius and Richardsonius engage in extensive hybrid-

ization. The hybrid is also depicted in Figure 1. This hybridization is
clearly demonstrated by a comparison of the anal fin ray distributions

(Fig. 2) of the combined Mylocheilus-Richardsonius gene pools between

Stave Lake (Whe re hybrids occur) and adjacent Alouette Lake (where hybrids

are absent). There is no overlap in anal ray number between Mylocheilus

(7-8 anal rays) and Richardsonius (-14‘-22 anal rays) in Alouette Lake, but _

in Stave Lake although the anal fin ray distribution ié bimodal, there are .

many individuals with an inte rmediate numberv of‘ anal brays (9—12); These

"individuals with 9 to 12 anal fin rays are hybrids. |
Ipitially, it appeared thatlr.lot only wére the two species hybridizing

in Stave Lake, but also that they were swamping.' Circumstantial evidence

supporting this view is: 1) the majority of spawning Mylocheilus in Stave

Lake, the hybrid zone, are unusually small (* 120 mm) and resemble mature

Richardsonius in size(%IOO mm). In contrast, spawning Mylocheilus from

other areas, including the nearby (and atonetime sympatric) Mylocheilus

from lower Stave Rivér, are usually much lafger (*200 mm); 2)

Mylocheilus in the hybrid zone begin spawning approximately June 1,

whereas populations outside the hybrid zone spawn much eariier. Mylocheilus
from fhe Alouette and Stave Rivers spawn in late April or early May. Riéhard~
sonius spawn from late May to August in British Columbia (Carl, Clerhéns,

and Li‘nd.sey, 1959). Both observations iﬁdi;ate that in the hybrid zone

significant changes have occurred in the Mylocheilus populétion that bring
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it closer to Richardsonius and suggest that swamping might be in progress.
The purpose of the present sutdy was to determine which of the three
hybrid situations described above best fits the Stave Lake populations of

Mylocheilus and Richardsonius, and if reproductive‘isolation exists, to

attempt to determine what isolating mechanism(s) are operative?
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GENERAL MATERIALS AND METHODS

Description of Study Area v

| Stave Lake and one of its small tr;xbutary streanﬁs, Devils Creek, were.
the .pr.imary study areas (Fig.v 3). Originally 19 km in length, the lake
wa:s enlarged tc; 30 km with the cbmpletioﬂ of hydroeiectric fécilities in 1924.
’fhe lake now consists of an upper portion, 19 km in length, and a lower
portion of 11 krn that c_dfresponds to the flooded Stave River channel. The"
. flooded portions contain large stands of submerged forest. Annual fluctu-
ations bin the lake ievel of 9 meters are not uncommon and certain tributéry_
.streams are markedly alte.red. by the.se fluctuations. Stave Lake is an
oligotrophic lake c;ontaining at least nine species of fish in addition to the

- aforementioned hybrids. They are: Lkokanee, 'Oncofhynchus ne rké,, three -

squawfish, Ptychocheilus oregonense, peamouth chub, Myldéhéilué éaurinum,

redside shiner, Richardsonius balteatus, largescale sucker, Catostomus

macrocheilus, brown catfish, Ictalurus nebul—osﬁs; prickly sculpin, Cottus’

ésper, .and hybrids,A Myloéhéilus x Richardsonius.

Devils Creek, a small stream 2-4 meteré wide, was used to observe

spawning populations of Mylocheilus, R‘ic‘hardsc‘)nius, and their hybrids.

Flowing into the lower pqrtion of Stave Iake from Devils vLake, Devils
Creek is ideally suited fork observation because of its (1) small water volume,
(2) good water cllarity, ‘and (3) short length (425 fneters). These three
factors maké‘obse rvations possible at any time throughéut its length. Devils
- Creek also appears to be a major spawning area in the 1ow¢r portion of

Stave Lake.
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Sampling

Four regular samplirig stations were established in Stave Lake to

collect adult Mylocheilus, Richardsonius, and t_héir hybrids (Fig. 3)‘

These wefe a‘11 in the iowe’f portion of Stc;a.ve Lake. H.oweve r, some sampling
was done at the e}gtreme ndr_th end (‘upper portion) of the lake and hybrids
were also abundant in this locality. Samples were Laken by 19, 25, and 38 mm
stretch mesh monofilament nylon gill nets varying in‘sAiz'e from 2.‘ 4x15.2m
to 7.6 x 15. 2 m. in rﬁdst instancesk, sampling was‘ done at night since day-

time sampling was very ineffective. In addition to Stave Lake samples,

adult Mylocheilus were ‘sampled from Babine, Hatzic, Alouette, Ruby and

Otter Lakes and the Stave River, while Richardsonius were sampled from

Babine, Shea, and Alouette Lakes. No hybrid fishes (Myldcheilus X

Richardsonius) are found in any of these locations. -

- Fingerling Mylocheilus, Richardsonius, and their hybi-ids were collected

with a fine mesh dip net along the shores of the lower portion of Stave Lake.
All collections of fingerlings were made during daylight hours. Heaviest |
concentrations of fingerlings appeared in the littoral areas adjacent to

Devils and Rollie Creeks.
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REPRODU CTIVE ISOLATION BETWEEN MYLOCHEILUS
AND RICHARDSONIUS '

Morphological Approach
Two approaches were used to determine if swamping is occurring

between Mylocheilus and Richardsonius. The firsf, and more classical

approaéh, vattemv.pts to measure the presence of genes of one’ species in
Apopulations of the other by morphological character comparis.ons.v ‘
Significant differences in morpholbgy betWeen'populations of each species
within and outside the hybrid zone are taken as.evidence for swamping.. ..
In Stave Lake obvious hybrids are excluded from the comparisons because
they can not be considered as permanent members of either species.i

A search was made for morphological characters which are widely

divergent in the two species. Such characters are useful in determining

-if gene flow is occurring between Mylocheilus and Riéhard.soni”fl.s; The
characters used in this 'study‘are:

1) anal fin rays. Throughout its range, M'yliécheilnuAs. ty-pically

possess 8 anal fin rays. Richardsonius' anal fin ray number

isi quite variable throughout its range and different populations
possess diffe rent mean counts. According to Carl, Clemens,
and Lindsey {(1959) most British Columbia populations  possess

a mean number of 15 anal fin rays. In the hybrid zone,': indivi- |

duals which resemble typical Richardsonius possess 14-22 anal
fin rays. The mode is either 16 or 17. Anal fin rays are not
‘1‘1vsed to detect swam‘ping', however, but a.s a todl,toise‘paréte
obvious hybrid individuals from membe rs of the two paz;éhtal

species.



11

. 2) Lateral Line Scales. Myloc-l;l.éil.us possess 68 to 79 rows of

lateral line scales while Richbardsovﬁviu;s possess considerably

fewér, from 54 to 67 rows (Carl, Clemens, and Lindsey, 1959).

3) Ratio of Predorsal to 'Pl;e:pelvié Léﬁgth. The position of the

dorsal fin relative to the pelvic fin is quite distinct in the two

species. In Richardsonius, the dorsal fin is inserted consider-

ably posterior to the insertion of the pelvic fins while in

Myiocheilus it is inserted sometimes in line with, but more
" often slightly ahead of, the pelvic fi1;1 insertion. vThis relation-
vship is quantified as th_e ratio of the predorsal to the prepelvic
length.
All counts and measurements with the exception of the prepelvic
' length are in accordance _Qvith the procedures suggested by Hubbs and
Lagler (1958). The prepelvic length.is the straightline distance from the
tip of the snout to the insertion of the outermost pelvic fin ray.

The distributions of lateral line scales and the pr‘edo-rsallprepelvic
length ratios are compared fo.r popplations of each speéies WiLhin andvout-
side the hybrid zone. Samples Qf Mylocheilus outside the hybrid zone were
collected from Vaﬁcouvér Island and the Sechelt Peninsula, while

Richardsonius were sampled from Alouette Lake. In the comparisons,

obvious hybrids are detected by their anal fin ray number and excluded.

Mofbhéidgicai;B..iochémi.cal Approach
The second approach, a combined,morphological and biochemical one,

attempts to measure the frequency of various hybrid types. If swamping-
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is occurring, backcross hybrids should be more a‘bundant'than RN hyBrids,
since ri}apy generations of hybrid backcrosse s should exist in the population. -
The inheritance of anal fin rays ascertained ﬁnder léboratory conditions
allov}s a reasonable sepafatioh of hybrids into two groups: (1) Fy hyb;ids
and lst generation hybrid backcrosses and (2) 2nd aﬁd later generation
hybrid backcrosses and the parental specie;. The former group, F} hyl':)rids
and lst generation hyb?i.d backcrosses, is bseparated into its c»ompo.nent
parts by two biochemical characters, the inheriﬁancés of §vhich are deter-
mined by exper-im‘ental crosses. .The 2nd and later genération ﬁybrid back-
crosses of the latter group are separated from individuals of the parental
species bsr these biochemical characters, also. The bio‘chemicalvcharacters
used, were chosen with care to include only proteins which (1) show genetic
variability between~-but not within--the two species, (2) possess co‘domin—
ance between alleles and (3) are not sex-linked. These requirements insure
that any individual possessing alleles of both species for the biochemical

characters in question, is detected.



13

Search for Biochemical Characters

hybrid zorié,were examined to détect biochemical characters whose genetic
contxlol i.s such that the loci iﬁ-the two species pos’sess_homozféous, but
different élleles; Enzymes, ex;atn:ined and discarde‘d:because they either
show no av‘lvlelic diffefénces or share alleles between the two s.peéies are
“esterases, pseudocholinesterases, lactic dehydrogenase, succinic
dehydrogenase, isocitric dehydrogenase, and glutamic dehydrogenase.
Two p‘rotein‘s, a gAene ral muscle protein, .é,n\d an enzyme, malic d.e‘hydro—
genase show consistent differences betweeh, but no variability within, the
two species. 'I‘hés.e-characters are used to separate I hybrids and lst

generation hybrid backcrosses.

Electrophoretic Analysis

‘Samples of muscle are homogenized appr.oximately 15 seconds in
low ionic strength (0. 055M) phosphate buffer, pH 7. 45, untilA the homgenates
pdssess a creamy texture. The rétio of muscle to phosi)hate buffer is 1:2.
The hor.no.g‘enate is then centrifuged for 15 rnim‘ltesAat 37,000 x g and the
supern’atant collected. Starch gel electrqphoresis of the ;upernatant is
conducted at 180‘v01ts for 2. 25 hours using a micro xﬁethod previously
published (Tsuyuki et al., 1966). The general protein zones afe stained
with amido black 10B for three minutes. M"alic dehydrogenase is stained
for two hours in a solution containing (1) 23.‘3 mlof 0.1 M Tﬁs buffer,
pH 5.5, (2), 1.5 ml of 2 M malic acid,‘ (3) 0. 6’_-m1§_f 30 mg /ml nicatinamide

adenine dinucleotide (NAD), (4) 0. 12 ml of 5 mg/m]l phenazine methosulfate,
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and (5) 1. 0 ml of 10 mg/ml nitro blue tetrazolium (Colowick and Kapian,

1963).
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Réa ring of Expe rimental Animals

Artificial crosses of pa"rental I\l/I‘yllc'Jchéil.\J's, Rlchardsomus, reciprocal
F; hybrids, and reciprocal.hybrid back‘crosbses.to‘ both species Were-made
frpm parents taken from Devils Creek in 1966, 1967, ‘and 1968. ’?.Ehe‘
eggs wére kept in Ia Heabth incubat'okr supplied with De.vils Creek water.
The water tel.rnp.erat‘ur.e in thejincﬁba‘to‘r was the ambient tempe ratufe of
the creek. Upon hatching, the fry were fed an identical diet -regimen.of
Artemia nauplii, live plankton from Stave Lake, a‘nd frozen adult‘ brine
‘shrimp until they reached a sufficient si;e to permit electrophoretic
analysis (35 mm).” Prior to analysis, all progeny and the wild fish used
as pa:‘cents.in the 19"67vand 1968 crosses were frozen. Unfortunately, the

carcasses of the parents used in the 1966 crosses were preseved in for-

malin which denatured their proteins.

Mylocheilus and Richardsonius Outside the'Hybrid Zone

Muscle Proteins

At the concentration of the muscle protein extracts tested, several
characteristic major and minor zones are present. The muscle proteins

to be discussed are those major zones arbitrarily designated 1", g,

and "3" (Fig. 4). All individual Mylocheilus from populations outside
-the hybrid zone (Ruby, Hatzic, Alouette, and Babine l.akes and Stave River)

display zone 3 whereas Richardsonius from outside the hybrid zone

(Alouette, Shea, and Babine Lakes ) possess exclusively.zone 1, a zone
of lesser anodal mobility (Table I, Fig. 4). No individuals outside ‘the,

hybrid zone possess both zones 1 and 3, or 2.



ZONES-| 23
A MYLOCHEILUS
B. HYBRID

C.HYBRID

D.HYBRID

E. RICHARDSONIUS
ANODE

CATHODE

Figure 4. Starch gel electrophoresis of muscle proteins from

Mylocheilus caurinum, Richardsonius balteatus, and
their hybrids.

Columbia.

Samples are from Stave Lake, British



TABLE L Muscle protein and malic dehydrogenase patterns .of Mylocheilus and |
' Richardsonius outside the hybrid zone (number of individuals).

"M!" = Mylocheilus; "R'" = Richardsonius.

Muscle Proteins

Zone Zones Zones Zones Zone

Malic Dehydrogenase : .

Zone Zones Zones Zones Zones

Area | ' Species 1 1,2 1,2,3 2,3 3 3(5) 1,2,3 12345 3,4,5 1,3,(5
Ruby Lake, B.C. M | 35 35 | |
- Stéve River, B.C. M 31 31
Hatzic La{ke, B.C. M 25 25
Aiouette Lake, B.C. M 27 38v
Bébine Lake, B.C. M 10
Shea Lake, B.C. R 25 .25 "
| Aiiouette Lake, B.C. R |36 53
Babine Lake, B.C. 13

LT
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Malic Dehydrbgenése

Populations of Richardsonius exhibit a malic dehydrogenase pattern

with three isozymes, designated zone "'1", "3'", and "5'" (Fig. 5B). No
" variability is seen in the two populations examined: Shea and Alouette

Lakes (Tablel). MostM.yloch-eilus possess a single MDH isozyme with

a mobility very similar to that of the ""3'" isozyme in Richardsonius. It is

also designated as zone ''3" (Fig. 5A,F). In some instances, however,

the zone 3 isozyme in Mylocheilus continues weakly for some distance

anodally and often terminates in what appears to be a second zone corres-

ponding to that of zone 5 in Richardsonius (F¥ig. 5G). This zone is never

present in Mylocheilus' unless a considerable ''slur' is also present,
suggesting that it may be an artefact of the technique. It is not, therefore,

accorded much weight in the subsequent analysis of .hirbrid individuals.

Inheritance of Bidéhemical Characters

Muscle Proteins

Crosses of Mylocheilus x Mylocheilus and Richardsoﬁiﬁs x Richardsonius

result in prdgeny with protein patté rns characteristic of the respective ..
parents (Table II). The Fl progeny resulting from reciprocal crosses of

Mylocheilus and Richardsonius produce a single electrophoretic pattern

- displaying zones 1 and 3 in addition to a unique intermediate zone, desig-

nated "2" (Fig. 4C). Reciprocal backcrosses of pre'sumed Fy hybrids

1 .
to Mylocheilus (BCM) produce offspring with three types of protein

1) For simplicity, some abbreviations are used in the text. - They are: "M'"=
- 'Mylocheilus, "R" = Richardsonius, "Fj' = individual resulting from
Mylocheilus x Richardsonius cross unless stated otherwise, "BGM "=
F| hybrid backcross to Mylocheilus, "BCR'" = F; hybrid backcross to
Richardsonius. - : ' :
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ZONES | 23 4(5)

¥  AwmviocHenus

P J srcHarpsonis

B cHvsro
. D.HYBRID

- E.HYBRID

ZONES 3 (5)

. F. MYLOCHEILUS

-‘ G.MYLOCHEILUS

Figure 5. Starch-gel electrophoresis of malic dehydrogenase from

Mylocheilus caurinum, Richardsonius balteatus
hybrids.

, and their




TABLE II. Muscle protein patterns of parents and progeny of crosses made in 1966 and 1967.

PROTEIN PATTERNS

Parents

Progeny (No. of individﬁals)

Type of Cross

Zone Numbers

Zone Numbers

‘ Female Male 2 3 1 2 3 1> 23 123 12 3
Female Male 123 123 + + + 4+ 4+ + 4+ o+
Mylocheilué Mylocheilus + + 40
| ylocheilus "Hybrid" + + + + 4 5 3
”Hybrid" Mylocheilus + + + + 6 22 14
Mylochéilus Richardsonius + o+ 40
Richardsonius Mylocheilus + + 40
Richardsonius "Hybﬁd" * * 4
Richardsonius "Hybrid" + + + + 1 1
”Hybrid"‘ Richardsonius * | 7 5
Richardsonius Richardsonius + , + 33

* parental patterns from 1966 crosses not available.

0¢
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patterns: a) the parental Mylocheilus. pattern, zone 3, b)the pattern
possessing zones 1,2, 3, and <c¢) a new pattern posse‘s sing only zones 2 and-
3 and corresponding to that of Figure 4B. Reciprocal backcrosses of

presumed Fy hybrids to Richardsonius (BCR) also'pfodu_ce progeny with

three types of protein patterns: a) the parental Richardsonius pattern,

~zone 1, b) thé pattern posse'ssing zones 1,2, and 3 and c) a new pattern
- pds‘sessing oﬁl-.y zones 1 and 2 and corre.sponding. to that of Fig. 4D.
A genetic model explainivng the inheritance of tﬁese prc_)teins is depicted . —
in Figure 6. The -model prOp'oseé that zones l and 3 are each controlled by‘

two loci, '"A' and '"B", each of which exists in two allelic forms.. Mylocheilus

is depicted as being homozygous for the genotype, _}} E , and Richérdsonius
: A B
homozygous for A'B'. While the model depicts loci' A and B as being on

, A'B!
-separate chromosomes, they may, in fact, be located on the same chromo-

some but at least 50 map units apart.

Assumptions which are implicit in the model are: ‘

1) Proteihs detected as zones 1 and 3 are controlled by genes
pfesent in both parental species.

2) The products of the loci complex to form a dimer which
is unique to each paréntal species.

3) Protein zone 2 represents a hybrid dimer composed of a
polypeptide cohtributed from each of the parental species.

. 4) The polypeptides of protein zone 1 are electrophoretically

indistinguishable as are thqse of protein zone 3.
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| o ea | A
GENOTYPE % % ' % %

T~ % §°
PROTEIN ZONES_TZ3 \ /“—é“

F,_HYBRID
ﬁ- ﬁfA
/ = \

BACKCROSSES TO @ BACKCROSSES TO

o MYLOCHEILUS | ' RICHA_RDSONIUS' |

Sl B T R O R L O O T
H %B Y B' | 8@ 8 8§ E}B B'}é j8 - s‘g %8’ B,@ g,s BlE.B'
R R RS A B R i ey

Ty
. D [N
[rno

Figure 6. A genetic model for the inheritance of muscle proteins, zones 1 and 3, in Richardsonius

and Mylecheilus, respectively.
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The true breeding quality of artificial parental crosses is evidence

for homozygosity of alleles A and B in Mylocheilus and A' and B' in

Richardsonius. Further evidence is the lack of variation in these protein -

zones in either species outside the hybrid zone. The distribution of protein
patterns in Fl hybrid backcrosses to both species support"s.'the idea of dual

gene control. For'example, in Fl hybrid backcrosses to Mylocheilus

a new type of patte rﬁ in found in addifién to the expected parental (.zone 3)
‘and F,y (zones 1, 2,;3) éat»terns. This pattern contains zones 2 and 3 but
not zone 1 (Fig. 4B). If zone 2 is composed of sub'units of zones 1 and 3,
its presence indicates that only half of the components required to'préduce
zone 1 are present. The haif of the componénts_ of zone 1 which is present

.in this phenotype cqmbinés with some of the components of zone 3 to

:iaroduce zone 2. Thus, only half of the genetic complement of R.i'chafdsoniusv

is present in these phienotypes; the other half has segregated to another

gamete. In presumed F'] hybrid backcrosses to Richardsonius a similar
situation occurs in which the new pattern possesses only zones 1 and 2

(Fig. 4D), indicating that only half of the components needed to produce

f.‘he Mylocheilus zone 3 is present. In analogous fashion to thg tWo—zoned
BCM progeny, the components o_f- zone 3 which are present combine with.
some of those of zone 1 to form zone 2.

If the model is correct, the F] hybrid backcross progeny to both speéies
should possess one-zoned, two-zoned, and three-zoned patterné in a ratio

of 1:2:1, respectively. This hypothesis is not rejected for either BCM

- 2_ 0 o1y ere (X2 w2 o5
‘progeny (X"= 1",81) or BCR progeny (X“=2 75 <_X = 05, df =2-‘-5. 99)..
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Although the sexes of artificially produced F; hybrids were not
observed, there is no evidence that the protein zones are controlled by

sex-linked genes, for reciprocal F, crosses produced only one protein

1
- pattern, namely, zones 1, 2, and 3. A discrepancy in the sex.ratios of
these crosses would not likely produce the above result since the sex
ratio of natural hybrids do“ .not differ significant_ly.from 1:1 (See page 71). |
The st.;ldy of progeny prodﬁced under experimental conditions clari-

fies the type(s) of individual (hybrid; parental, etc. ) associated with

different muscle proteih patterns. For example, individuals which possess

only zone 1 may either be pure Richardsonius or hybrid backcrosses to

Richardsonius while, similarly, those which possess zone 3 may either

be pure Mylocheilus or hybrid backcrosses to Mylocheilus. The three -

zoned patterﬁ (Fig. 4, C) is possessed by the F; hybrid backcrosses to
either species or the Fj hybrid. The two types of two -zoned progeny,
zones 1, 2 and zones 2,3, are possessed only by hybrid backcrosses to

Richardsonius and Mylocheilus, respectively.

Any of the above muscle protein patterns couid be possessed by F,
hybrids according to the geneltic model presented above. However, itis
assumed that they do not exist naturally as experimentally produced ones are
extremely inviable whereas parental species' progeny and F; hybrids were

raised, usually without difficulty.
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Malic De hfdfégehaset (MDH)

Parental crosses of'Mylo'cheil.us X Mlylochei.lus and Ric-ha-r&s-oniﬁs X

Ribchards'oni_us yield progeny Which possess malic d'ehy.droge‘nase‘patte rns
characteristic Qf the respective p,a.rgnts'(Table 111, F_i.g. ‘5). Progeny of
reciprocal flvcrosses possess a single pattern Wi'th.zones_ 1‘, 2,3,4, (5).
Four M DH patterns are obse rvéd when prégeﬁy 'Qf reciprocé.l presumed F;

hybrid backcrosses to Mylocheilus are examined. They are: a) zone 3,

the parental Mylocheilus pattern, b) zones 1,2, 3,4, (5), the F1 hybrid

pattefn, c) zones 1,2, 3 and d) zones 3, 4(5) (Fig. 5). Unfortunately, only

two progeny from hybrid backcrosses to Richardsonius were reared in

1967. One possessed the typical Richardson'ius pattern, zones 1,3, (5)

and the other, the Fy hybrid pattern, zones 1,2, 3,4, (5). Because of the

uncertainty regarding the existence of MDH zone 5 in I\./I"yliocl:héi‘l'u.s,.the lack

of hybrid backcrosses to Ric}.l.a-rd.son-iu's, and the uncertain nature of M DH

quaternary structure in other organisms, a detailed genetic analysis of this
enzyme is not attempted. . However, several aspects of the inheritance are

apparent. First, codominance exists for the alleles controlling M DH since

Fy hybrids possess the zones of both Mylocheilus and R‘fchardsonius. :
Additionally, two new zones, zones 2 and 4 are found in the F) hybrids, but
neither is present in the parental species. Presumably, these new zones are

hybrid M DH isozymes formed by the union of subunits from normally occur-

ring isozymes in the two species. Second, there must be at least two loci,

or groups of lociy contr:volliﬁg the synthesis of MDH in these species since



- TABLE IIL

Malic dehydrogenase patterns of parents and progeny of crosses made

in 1967.
Malic Dehydrogenase Patterns
Parents Progeny
‘ Zone Numbers Zone Numbers
Type of Cross Female Male o
Female Male 1234(5)|1234(5) 3(5)|123|34(5) |1.234(5)]|13(5)
[Mylocheilus Mylocheilus ' ’ + + 40
[Mylocheilus Hybridi# B + 44+ 12 11 14 16
Hybrid** Mylocheilus | ++ 4+ + + 7 7 11 17
{Mylocheilus Richardsonius + + o+ : 35
Richardsonius Mpylocheilus + o+ + ‘ S 40
Richardsonius Hybrid#x . I A + 4+ + + 1 1
|Richardsonius Richardsonius + o+ +  + ' " ' 33

9¢

. %%k presumed F; hybrid
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four phenotypes are observed in the presumed Fl hybrid backcrosses to

Mylocheilus. If a single locus.is.»invol‘ved, only the parental M.ylocheilus_
and the F) hybrid MDH patterns should be produced, Non-parental types
of MDH in these backcrosses compose 44% of all progeny. "The hypothesis

that the ratio of parental to non-pafental types in F; hybrid backcrosses to

Mylocheilus 1is not significantly different from 1:1 is not rejected' ( x% =
1.25 <X a =.05, df=1 = 3.84). Ifinfact, the hypothesis is true, the two

loci 'or_groﬁps of locibare assorting completely‘independently_.

As with the explanation of muscle prof:ein inheritance, the sex was not
determined_ for the F-l hybrid progAerlly. However, sex-linked inheritance is
not indicafed since fecifnrocal .Fl‘h‘ybrids both prodﬁée one and th¢ same
pattern.

The study of progeny produced under experimentai condition clarifies
the type(sb') of individuals asso_ciahed with the various M DH patterns. Those

which possess the pattern, zones 3 (5) can be pure Myiécl&éiiu‘s or hybrid

backcrosses to Mylocheilus while those which possess the zones 1, 3, (5)

pattern can either be pure Richardsonius or hybrid backcrosses to

' Richardsonius. The zones 1,2, 3,4, (5) MDH pattern is possessed by

reciprocal Fy hybrids and presumed F; hybrid backcrosses to either species.

The M DH patterns, zonés 1,2, 3 and zones 3,4, (5) are unique to hybrid

backcrosses to Mylocheilus. However, it is possible that they could be

possessed by hybrid backcrosses to Ric'hardsoni.ﬁs; it is not elucidated

because only 2 individual hybrid bac-qu_é)sses to RichaArdson'ius were pro-

duced experimentélly in 1967.
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Linkage
If two. biochémical cha'racf:ers are to be twice as use;fu} asb a single
one in detecting hybridsA they must be i_ndependent of one -anothgr; they
 must not be tightly linked. A c'hi-;quare tést of independe_ﬁcg of the-two
'proteins- was performed and the hy'»pothe sis .that they are i.ndependentl is

2 2 . . '
= 22.59> = - =12, . t fth
| 59> X q =0.05, df =6, 59.) An inspection o e

rejected (X
data (Table IV) reveals that MDH pattern, zones 1, 2,3, 4, (5), occurs

much too fréquéntly with mﬁscle protein pattern., zones 2, 3, than would be

. expected if the two proteins af_e not linked. TI;is c»ell(#é) g:onfributes 44% of
the sighificant chi-square value. Although it appearsvthat the two proteins
are bartially linked, their combined value in detecting hybrids is not

drastically reduced when compared to two completely independent or unlinked

characters. For example, the probability of recognizing presumed F

hybrid backcrosses to Myidéheilus from those crosses shown in Table IV,
assuming independence, is p(all cells) - P (cell 1 4 cell 10) = 0. 875. Indivi-

~duals of cells 1 and 10 are classitied as pure Myloéhe.iiﬁé and Fy hybrids,

‘respectively. The proportion of presumed Fy hybrid backcrosses to
‘Mylocheilus actually observed is 0. 852, a decredse of only 0. 023 frdm

the theoretical value.
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TABLE IV. Correlation of malic dehydrogenase and muscle protein
‘ .patterns of hybrid backcrosses to Mylocheilus. Numbers
in parentheses are expected proportions for each cell
“assuming independence of inheritance of the two proteins.
Encircled numbers are particular cells referred to in the
text. _' -
Malic Dehydrogenase
Zones 3 (5) 1 2 3 4 (5) 3 4 (5) 1 2 3
o ' © &) 2
3 1 3. : 3 3
. (1/16) (1/16) (1/16) (1/16)
g
o e &) 0] €
5| 2 3 2 15 5 5
o, (1/8) (1/8) (1/8) (1/8)
0
2 @ 0 (o)
o123 4 7 5 1 @
§ ' (1/16) (1/16) (1/16) (1/16)
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Inheritance of Anal Fin Rays; Separation of 2nd and Later -
Generation Hybrid Backcrosses ‘

The separation of Z2nd and later generation hfbrid backcrosses from
1st generation hyb.rid baékcrosses_ and El” Fo,... Fp h‘ybrids.perm,its an
estimate éf their abundance aﬁd, indireétly, an estimate of the se‘lec_tive-
advantage or disadvantage of various hybrid generations. In this study_,
the difficuity ofvsepara.ting the two groups is simplified by assuming that
FZ. .. F hybrids do not exist in nature. Evidence supportiné this assump-~
tion is the fact that of 632 eggs used in FF] x F] crosses in 1966, only 4
individuals were reared to the fingerling stage b(’r?o”O mm). In essence, the
task is reduced to the separation of ist éeneration hybrid backcrosses and
.Fl hybrids from all subsequent hybrid backcross generations.

The inheritance of ; third character, anal fin rays, was studied in an
attermpt to effect a separation of thesé two gr‘oups.. Anal fin rays were
chosen as the character because 1) they are widely divergent in the two

s>pecie‘s; usually 8 in number in Mylocheilus, 14-22 in Richardsonius and 2)

they display a polygenetic inheritance with no apparent dominance (Fig. . 7).

Experimentally .produced F'; hybrids possess from 9 to 12 anal fin rays
with approximately 93% possessing either 10 or 11 (Fig. 7). Very few I
hybrids possess 9(4. 2%) or 12(2. 1%) anal fin rays. |

Backcrosses of presumed Fy hybrids with 10, 11, and 12 anal fin rays,

to Mylocheilus, mainly with 8, yield progeny with 7 to 11 anal fin rays, but

with a large mode at 9(65. 9%). Smaller peaks are at 8(15. 2%) and at 10(17.1%).
A cross of a hybrid male with 9 anal fin rays (determined to be at least a

Ist generation hybrid backcross to Mylocheilus on the basis of its proteins)

and a female Mylocheilus {8 rays) produced progen)} with mainly
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'8 anal fin rays ( 80% ). Of the remaining progeny 17.5% possessed E

9, and 2. 5% possessed 10 anal fin rays. These progeny were at least

2nd generation hybrid backcrosses to Mylocheilus.

Presumed Fl hybrid backcrosses to the other species, Riehardsonius, :

yield prog.en'y With anal fin rays ranging from 11 to ’15. However, those

‘i_ndividual's with 12 to 14 anal re.y_s compose 84% of tﬁe.BCR preg'ehy.»' T

Unfdrtunately, _no. second generation BCRs were produced experimentaliy.. :
On the basis of anal fin r>ay inheritance, 8 anal fin rays were chosen. _

as the dividing line; those with 8 or fewer are considered to be‘either pure

‘Myl.ocheilus or af least 2nd  generation .hyBrid backcrosees to MYlobéheilus,
while those with 9 to 11 anal rays are coneidered to be either vls;t'gene-ra»tivon '
BCMs or Fl‘hybrids. _HoWever, if the dist'ribut‘ion.s for va.liious crosses
shown in Figure 7 are representative of those in nature, approximately
16% of the lst generation FBCMs would be classified in the wrong category; |
tﬁey would be classed as at least anvgen-er:ation BCMs, | therefore, pfoduc_-
ihg-an overestimate of the latter. On the ogher hand, approximately 20%

of the Zed generation BCMs Wouid be classed as part ef the'populet.ioﬁ con-
. taining lst gene‘ratio“nVBCMs and F hybrids. Su_c.h so‘urces of."er'ro.r cannot
be eliminated'frem the method.

For hybrid backcrosses to Richardsonius, 15 anal fin rays were chosen

o

as the dividing line; those with 15 or greater are classed as at least 2nd

generation BCRs or pure Richardsonius, while those with 11 to 14 anal

rays are classed as 1st generation BCRs or F; hybrids. Approximately
4% of the first generation BCRs would be misclassified as 2nd generation

or later BCRs under this scheme. Unfortunately,- 2nd genex"atioﬁ BCRs
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were not produced and consequently no estimate could be made of the
individuals which would be misclassifed-as lst generation BCRs.

Linkage of Biochemical and Morphological Characters

An important consideration in estimating the frequency of various
hybrid backcross types is the non-linkage -of either biochemical character
with anal fin rays. Otherwise, an erroneous estimate may be obtained.

For example, if those hybrid backcrosses to Mylocheilus with 8 anal fin

rays. always possess the parental Mylocheilus muscle protein anbd malic
dehydrogenase patterns- ‘rather than hybfid patte rns, most 2nd and iater
genération BCMs may not be detécted, .é.ven when presént. Consequently,
possible iinkage relationship's between anal fin ray number and fn'uscle :
protein or MDH patterns are investigated. H'ybrid‘backcrosses

to Mylocheilus were segregated into groups of 748 and 9 to 12 anal fin-

rays. The proportion of va 'rioué patéerns of muscle prqtein and MDH are
then compared for the two groupings. The daté, bre sentéd in Tables

V and VI, show that for both muscle protein and M DH pé.tte rns, ‘individuals
with 7+8 anal fin rays do not differ significantly from those with 9 to 12

: = 2 = . x? = 3. 39<
rays (X muscle proteins =1.05<X o =.05, df =2 =5.99; X M DEH

2 =7. 81 .
X q = 05, df =3 ). Linkage of the two biochemical characters with anal
fin rays is, therefore, not found.
Unfortunately, insufficient numbers of progeny were reared and anal-

ysed to permit such a determination of linkage relationships between

-biOlChemiCal and morphological cha.racteré for hybrid backcrossés to
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TABLE V. - The proportion of various muscle protein patterns of
presumed F; hybrid backcrosses to Mylocheilus in
relation to anal fin ray number, Numbers in parantheses
are expected values assuming homogenity of the two ’

distributions.

" Muscle Protein Zones Anal Fin Rays

7+8 9 to 12
12 3  4(3.53) 13(13.47)
2 3 | |  4(5.40) . 22(20.60)

3 | | . 3(2.08) : 7(7.92)
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TABLE VI. The proportion of various malic dehydrogenase patterns .
: of presumed F; hybrid backcrosses to Mylocheilus in
relation to anal fin ray number. Numbers in parentheses a
are expected values assuming homogenity of the two

distributions.'
: Anal Fin Rays
MDH Zones - S 7+8 ‘ 9 to 12
1 23 4 (5) 3(5.19) - 22(19.81)
12 3 | o 2(1.66) 6(6.34)
3 4 (5) | 3(2.70) ' 10(10.30)

3. (5) - 3(1.45) | 4(5.55)
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"Richardsonius. As a result, the assumption has to be made that the

same linkage relationships hold for Richardsonius as they do for

‘Mylocheilus.

Separation of ¥, Hybrids and 1st Generations Hybrid Backcrosses

vaase_d on the inheritancé of anal fin rays discussed in a prior section,
an attempt is made to separate 2nd and latter generation hybrid back-
crosses from-ist generation hybrid backcrosses and F hybrids. In this
sectidn, separation of the Fy hybrids from the 1lst genération hybrid
backcrosses is based on the knowledge of the inheritance of muscle protein
‘and MDH pattefns. :

In certain case s,. hybrid. backcrosses can be identified from the
analysis of a single protein because of the uniqueness t>f certain patte rns
" (Fig. SC). However, detection of many hybrid backcrosses results from
an examination of the two proteins simultaneously (Fig.v 8). For example,
fish "B'" of Figure 8 is classified a Lybrid backtross to -Myl(.)cheilus

because it possesses the Fl hybri& muscle protein pattern but the

Mylocheilus MDH pattern. The muscle protein pattern indicates its hybrid

ofigin; the Mylocheilus MDH pattern indicates the unlikelihood of it being
a hybrid sincé g_l_l Fl hybrids possessed the zones 1, 2, 3,4, (5)MDH |
pattern. Assuming F, hybrids do not exist in nature, this individual must
be a BOM.

The classification of hybrid types baéed oﬁ the various combinations -

’ofvmusclelprbtein and MDH' patterns is pre.sented in Table VII. Individual
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Figure 8. FElectropherograms of muscle protein and malic dehydrogenase patterns from three
natural hybrids from Stave Lake(1967 samples).
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TABLE VII. Classification of hybrid types based on the combinations
' - of muscle protein and malic dehydrogenase patterns. .
"F; hybrid'' classification may include some hybrid back-
crosses to either species because of assortment for F,
hybrid patterns of both proteins simultaneously.

Hybfid : - Muscle Protein Malic Dehydrogenase
|Classification .. Zones o - Zones
"F; Hybrids" ‘ 1,2,3 and 1,2,3,4,(5)
Hybrid backcrosses - 2,3 and 4 any pattern
to Mylocheilus (BCMs) |- 3 ~and ' 1,2,3,4,(5)
‘ 3. and 1,2,3
3 and 3, 4, (5)
1,2,3 and 3
Hybrid backcrosses to 1,2 ' and - . any pattern
Richardsonius 1 , and 1,2,3,4,(5)
1,2,3 - and 1, 3, (5)
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Fy hybrids can not be identified with certainty Because hybrid backcrosses
to eithelj species can assort for the F; hybrid muscle protein and MDH
pattern simultaneously. In a'like manner, hybrid backe rosses to either
épecies can assort for the 'r.especﬁive parental proteins simultaneously.

Seven individuals with 9 anal fin rays possess pafental Myiacheiius muscle

protein. and M DH patterns. Some of these individuals could be pure

Mylocheilus, as individuals with 9 anal fin rays are occasionally found,

even in allopatric populations. So, the number of hybrid backcrosses might

be slightly unde re stimated.
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Results
7 Predorsal/Prepelvic Lengfh Ratios -(D/P) and Lateral Line Scales of
Mylocheilus and Richardsonius-from Stave Lake and from Areas Outside
. the Hybrid Zone ' : ' '

Richardsonius from Alouette L.ake, the major drainage system west

of Stave Iake, were compared'with those from Stave Lake, the hybrid zone.
In both characters examined, lateral line scales and the D/P ratio, no

significant differences are observed in the means of the two groups (Figs.

9 and 10, Table VIII). Similariy, Mylocheilus from Vancouver Island and

the Seechelt Peﬁinsula show no significant différences from those of the

hybrid zone in the means. of these charac,tersA(Figs. 9 and 10, Table VIII).
If the loci controlling the number of lateral line s:caies and the D/P

ratio can be considered representative of the two genomes, swamping

between Mylocheilus and Richardsonius does not appear in progress.

Composition of the Natural Hybrid Population in 'Sta've Take

On the basis of anal fin r'ays and two biochemical characters, an
estimate was made of the various hybrids present in Stave Lake. Hybrids,

in general, composed 6. 1% of the combined Mylochéilus—Richardéonius

gene pool in 1967. © Of these 'hybrids, presurned'Fls comprise 76. 3%;

presumed lst géneration hybrid backcrosses to Mylocheilus, 15.4%; and

presumed 2nd or later generation hybrid backcrosses to Mylbcheilus,-

6. 6% (Tables IX and X).

Presumed 1lst and 2nd or later generation hybrid backcr_osses to

Richardsonius compose 1. 7% and 0. 0% of all hybrids, re spectively.
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TABLE VIIL .

Comparison of morphological characters of Mylochellus and R1chardson1us

Stave Lake - 60.1 7.5

from within and outside the hybrid zone.
Lateral Line Scales "D/P Ratios
Species Area X s® t X s® t
Mylocheilus Vancouver Island o727 7.1 0.980  0.0005
' : Sechelt Peninsula - ' :
R ' ‘{043 {1.55
Mylocheilus Stave Lake _ ' 72.9 7.6 0.984  0.0006 '
‘Richardsonius Alouette Lake 60.3 11.2 1.203  0.0021
: ' { 0.51 { 0.98
Richardsonius _ 1.208 0.0001

“ indicates significant '"t'" values, « = .05

I3



TABLE IX.

Muscle protein and malic dehydrogenase patterns of those individuals
of the Mylocheilus-Richardsonius gene pools with <8 or >15 anal fin
rays. Samples are from the hybrid zone and may include pure
individuals of either species or 2nd and later generation hybrid

backcrosses.

Muscle Proteins Malic Dehydrogenase
|Zones = 3 12,3141,2,3]1,2¢ 1 3,(5)13,4,(5)11,2,311,2,3,4,(5) |1, 3,(5)
Mylocheilus 2491 - - - - 248 1 - - -
Richardsonius - - - - 1178 - - - - 178

144
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TABLE X. Composition of the Mylocheilus-Richardsonius gene complex
' of Stave Lake in 1967. Separation of hybrid types is based
on the interitance of anal fin rays, a general muscle protein,
and malic dehydrogenase. As shown in Table IX, 250 fish
with <8 and 178 fish with >15 anal rays were examined to
estimate the numbers of second or later generation hybrid
backcrosses to Mylocheilus and Richardsonius respectively.

Estimated ' Percent of

Type of Individual Numbers Percent of total all hybrids
"Pure'" Mylocheilus - 1536.3 - 80.5 _ -
"Pure'' Richardsonius 255.0 C13.4 -
Presumed F; Hybrids 89.0 4,7 76.3
Presumed 1st generation

hybrid backcrosses to 18.0 _ 0.9 15.4
Mylocheilus

Presumed 2nd or later :

generation hybrid back- 7.7 - . 0.4 - 6.6
crosses to Mylocheilus

Presumed lst generation _
hybrid backcrosses to 2.0 0.1 - 1.7
Richardsonius '

Presumed 2nd or later

generation hybrid back- ' ,

crosses to.Richardsonius 0.0 0.0 _ 0.0
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These data indicate that Flvhyb‘rid»s ére quifei abundant in Stav;e Lake,
’While hybrid backe ross indivviduals decrease in frequency beyond the first
backcross ‘generation. This suggests 'that they are th a selec‘tivefdisadyan..
tage." “Consequvently, swamping is pre.ventc.ad between the two species; the’
two gene p'ools maintain their geﬁetic integrity.

| The hybrid population in 1966‘ represents 5. 5% of tAhevtwo gene‘pools:
combined. However, this estimate excluaes any hybrids with 8 or less
or 15 or greater analvfin rays because an electrophoretic..@inalysis was
not performed on these fish in-1966. If fhe above mentioned hybrids are.
subtracted from the 1967 hybrid population esfimate, the two years data
are cqmpaiablé»;' tﬁe 1967 hybrid population 1s then estimated at 5. 7%, an

estimate very close to that obtained in 1966.
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Isolating Mechanisms

- In previous sections of the thesis it was determined that Mylocheilus

and Richardsonius are reproductively isolated, even in the presence of

extensive -hybrid’izatidn. If réproductive isolation truly exists, isolating
mechanisms must be operative. This section of the thesis attempts to

describe what those mechanisms are.

Materials and Methods |

Observations

Spawning populations of Mylocheilus, Riché.rd‘s.o.nit.ls,‘ and -their

hybrids were observed in De{zils Creek during the springs and s’umme.’rs

of 1966 Fand 1967. In 1966, observations 'Were.made throughout ‘the creek,
while in 1967; they were concentrated in the lower section. This section was
: divﬁided into 20 meter lengths when the lake level was Véry low (317. feet
above sea level). The 20 meter sections begin at the lower log jam pool

and terminate at the point where Devils Creek enters Stave Laké (Fig. 11).
The lower section wavs 325 meters long at the beginning of observations on
May 1, 1967. However, as the lake level ;‘ises the creek is inﬁundated

and decreases in length. An infra-red vic—;‘,wer was used with limited

success for noct.urnal obsefvations in Dévils Creek. With the viewer,

the adults appear as silvery objects, the identity of which is difficult to

~ascertain except for the larger type of Mylocheilus. As a result the spawn-
ing behaviour of the two species and the hybrids could only be determined
in a ¢rude fashion. In order to estimate the proportions of the two species

and the hybrids present in the creek during a spawning migration, a 25
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and/or 38 mm stretch mesh gill net was placed across the mouth after
-the spawning fish haitd: entered the creek. Later, after spawning, iarge
numbers of fish were captured and identified as they returned to the lake.
vOn some occasiohs spawning fish were sufficiently dense to permit

sampling by hand.

Survival Experiments

Egg Survival to Hatching

Egg survival experiments were designed to test the viability of eggs

from fertilization to hatching of various crosses involving Mylocheilus,

Richardsonius, and their hybrids. Ripe males and females were collected

from Devils Creek for use in the croséing experiments. Males were
considered ripe when milt .could be extruded manually. Transparency

and adhesiveness of the eggs served as cirteria for :ripe females. 100-
500 eggs were extruded from individual females into wetted plé,stic petri
dishes. Several drops of milt were extruded from a male and mixed with
the eggs. The eggs were water hardened for 15 minutes in a shallow tray
containing Devils Creek water. Thereafter, the eggs were maintained
until hatching in a Heath incubator supplied with flowing Devils Creek water.
Dead eggs were usually removed daily from each lot to prevent fungal
contamination of viable eggs. The ripe eggs of an indiv;dual female were
divided into at least three lots and fertilized by the three fype.s of males

(Mylocheilus, Richardsonius, and hybrids). This practice serves to control

‘the variability caused by using ﬁn_ripe females in the crosses.
The parents of all crosses made in 1967, but not in 1966, were frozen

for subsequent electophoretic analysis.
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Survival of Yolk-sac Fry to Fingerlings

 Yolk-sac fry of'Mylocheilus, Richardsonius, reciprocal F] hybrids,

v

~ and presumed F] hybrid back_cros ses to Mylocheilus. were i'ea'rgd under
-experimental conditions to 4de‘te:vrrnine their relati.vé viabilities. Three’
days after hatéhiﬁg, 100 yolk-sac fry from each of the above -mentioned
cro‘s_se-s-wei'e placed in idengical plywood containers (50x50>§50 cm). 'uﬂtil
they were 63 days old. One lot was .reared for only 48 days.. Most

crossés had two. replicates. Bec‘auvse.of the high mid—summer Lempe ratures
of Devils Creek, ﬂow'ing water from the colder creek adjacent to it supplied
water to each rearing box. All experimental _fry were maintained on equal
quantities of identicai diets of Artemia mnauplii, live plankton from Stave
Lake, -a-nd frozen aciult brine shrimp. The fry from each lot were enumer-
ated every 15-20 days. At the end of the experiment all fish were frozen

for future morphological and biochemical examination.



51

" Results

Premating Isolating Mechanisms

Seasonal Isolation

Observations on Devils Creek were conducvted' from May 18 to -

August 5 in 1966 and from May 1 to July 11 in 1967. .Figuré 12 graphically

illustrates the time interval during which pcpulatioris of M};locheilus s

Richardsonius, and their hybrids (in spawn'ing condition)vwere present in

Devils Creek. In 1966, Mylocheilus and Richardson_ius. were already

present in low numbers when obsefvations were begun on May 18. Hybrids
Wére'obv‘ser'yed threé days later on May 21, 1A966. Although oBservations
were begun‘on the first of May in 1967, fish in spawning coloratiqn were
not observed until Majr 17; It was apparént that quali_tatively, af least,

the spawning periods of the two épecieé obverlbap_to a great extent in bevils

Creek. The spawning period of Richardsonius in 1966 and 1967 terminated

on a later date than Mylocheilus. On a quantitative basis, it was estimated

that the peak of spawning for Myloéheilus was June 16 in- 1966 and June 13-

15 in 1967 (Tables XI, XII). The spawning peak of Richardsonius was
determinéd to be a week or so later. However, complete quantitative data
were not collected.

Hybrid fishes are present in Devils Creek during most of the interval

in which Mylocheilus, and during part of the interval in which Richardsonius,

. are present (Fig. 12). The peak of hybrid abundance appears to coincide

closer to the peak of M'ylochei.lus ; abundaﬁce than the pelak of Richardsonius

abundance (Tables XI, XII).
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Gillnet catches of Mylocheilus, Richardsonius, and their hybrids from Devils Creek

TABLE XI.
' during the spawning season of 1966. *¥Includes one observation of fish sampled by
hand.” G = sexually mature fish, but not ripe; R = sexually mature, ripe fish;
Sp = sexually mature, ripe fish which have deposited all or most of their gdametes.
Richardsonius are not répresented in their true abundance because mainly 38mm
stretch mesh gillnets were used. These allow most Richardsonius to escape.
Mesh Mylocheilus Hybrids Richardsonius
Size dd Q9 dd 29 3d Q9
Location Date mm G R S5p G R Sp G R Sp G R Sp G R Sp G R Sp
Lower Log :
Jam Pool  5-21 38 2 1
' " - b-25 - 38 6 1 '
" 5-30 38 2 1 1
" 5-31 38 5 2 2 1
" 5-31 19 ' 1
" 6-06 38 1 2 1
" 6-07 38 1 3 2
" 6-08 38 1 1
" ~6-09 38 ~ 11
" 6-15 38 _ 2 2 1 1 1
M 6-16 38 20 2 3 1 1 1
Riffle at '
160" Creek : _ _
length 6-16 A% 45 1 9 1 | .18 1 2
Lower Log - :
Jam Pool  6-22 38 . ' 1
" Totals = 84 : 1421 5 23 2 2 1 2
124 28 2 =154 |

€5



TABLE XII.

Gillnet catches of Mylocheilus, Richardsonius, and their hybrids from Devils Creek
during the spawning season of 1967. _
R = sexually mature, ripe fish; Sp = sexually mature, ripe fish which have deposited
all or most of their gametes. ' ' " :

G = sexually mature fish, but not ripe;

Mylocheilus

Richardsonius

- Mesh Hybrids
Size gd eQ o-d 29 dd - : QQ
Location Date mm G R Sp G R Sp G R Sp G R Sp G R Sp G R Sp-
Lower Log
1Jam Pool 5-17 38 9 1
Devils Cr.
Mouth 5-19 25 3
Lower Log
Jam Pool 5-26 38 9_ _
" 6-02 38 15 2 1
Devils Cr.
Mouth 6-02 ‘38 19: 8 5 1
i 6-06 25 1 ,
n 6-07 25 25 : 13 12 2
" 6-13 25,38 65 4 2 2 7 2 1 11 1
o 6-14 25,38 35 121 4 8 3 2 30 1 6
_ Devils Cr. 6-15 - 25,38 9 1 1 3 2 1 8 -3
- |Devils Cr. ' - '
: -1 25,3 7 6 13 6 2
Mouth 6-16 ,8 ’ _ ._
3 6-17 25 4 Jtze 9
o 6-25 25 13 ‘ 1 9 1 4 107 . 38 41
" 6-26 38 1 2 1
Totals = 215 15 24 11 55 8 8 1193 60 49
265 71 303 = 639

14"
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Spatial and Tevrriipo:ral V(Die'l) Isolation .

An attempt was made to determine if Mylocheilus, Richardsonius,

and their hybrids ére spatially and or temporally (dieliy) segregated
du;'ing spawning. Xach even‘ing f}'o_m’ June 47 to June 17, 1967, _the
distfibution of spawning -fivs"h from the lower secticon of Delvils Creek was
.recorded. The data are,graphivcally depicted in Figure 13. This figure
—Eillustrates the length of Devils Creek and the 1§cation of spawning fish
~in the créek on a given day. With few exceptions, £hé spawning of the two
species occuré on the. first riffle above the lake, regarvdless_ of the laké
le'vell. As thé lake 1ev¢1 rises during May, June, and July, the refdrg,
decreasing creek ler’lgthi, spawning accordingly moves upstream. Interest-
ingly, riffles on which spawn.ing occurred during high lgke levels in 1966,
were not used in 1967 when the lake level was lower.

Both species of fish enter Devils Creek at approximately the same

time each day. Richardsonius on the average may entér slightly earlier
in the day, bﬁt it is difficult to estimate accurately. Fish begin entering
Devils Creek as early as 2130 hours (Pacific Daylight Saving Time),
although on some days they Vdo not do so until 2245 hours. Spawning fish'
were observed on the first riffle as l_ate as 0215 hours. Mdst fish have
returned to the lake by daylight. In.those situations Wher-e the lake level
is very high, some fish move upstream after spawning and seek shelter in
the cieep pool at the lower log jam in Devils Creek (See Fig. 11).

. Although it is quite apparent that Mylocheilus and Richardéonius are

spawning on the same riffle at the same time, information on the behaviour
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of the hybrids was diffi;glt to obtain since hybrids are difficult.to rec.o'g.‘—
nize .in the creek. However, two kinds of évidence s-ugge“st that hybrids; ’
in fact, are flot temporally or spatially v.seglfegated from the parentai
species vduring spawning. First, giil néts set below the riffle on which
fish are spav&'fning yield substan;:ial.numbers of hybrid fishes (Table XII).
Since spawning fish are evident ( with infra;red viewer )Vonly on the first
riffle above the lake during any given evening, -hybrid fishes are 1ike1y.

spawning on the.same riffle at the same time as are Mylocheilus and

Richardsonius. Second, a sample of spav_&ning_ fish collected by hand

from'a riffle area 18" square on June 16, 1966, re‘}ealec-l that 24. 6% of them
were hybrids (Table XIII ). |

As with the hybrids collected from the pelégic area of the lake, those
hybrids in spawning coloration from Devils Creek appear to be primarily
of a F; nature. Data on the anal fin ray distribution of hybrids collected

from Devils Creek in 1967 are présented below:

Anal Fin Rays

Dat 9 10 11 12

June 7 310
13 1 2 1
15 1 5 8
16 2
17 2 4
25 1 5 8
26 3




58

TABLE XIII. Composition of a sarﬁple of the spawning popu-latioh from’
' Devils Creek at 2245 hours P.D.T., June 16, 1966. Spawning.

fish were collected by hand from an 18" square riffle area
at the 20 meter creek length (see Figure 11).

- : Percentage
‘Females Males Total Total
Mylocheilus | 11 s | s 727
Richardsonius. | 0 2 ' 2 2.7
Hybrid | 1 18 19 24.6
Totals = o 12 65 77
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| Hybrids with 9 anal fin rays, . thought on the basis of éxperimental crosses

(Fig. 7) to be primarily hybrid backcrosses to Mylocheilus ,are scarce. -
Only.3vo‘ut of 5_6- hybfids pos sessed such é number. In céqtfast, those -
with 11 anal f1n rays. are very abundant, éuggesting that most of the hybri.ds.
are Fs.

Ethological Isolation

Information on the spawning behaviour of Mylocheilus, Richardsonius

and their hybrids_wés difficult to obtain because séawnipg occurs on riffles
- during hours of darkenss. Generally, it was .deternined that.both épecies
are mass spawners with many mé.‘les attending a single female. Tables

XI and XII reflect the great abundance of males over females. Whether

Fy hybrias are produced as the result of mis—matings between the two
spécies or as the result of chance meeting of gametes of two properly
mated species' groups was not détermined. Likewise, s?awning behaviour
of .hy.brids was not observed but some inferences can be Ihvade. First,

23. 8% of all hybrid females captured in Devils Creek W.ere g:p_én_t compared
to 15. 6% for Mylocheilus females, suggesting that hybrid females do depésit
their ripe eggs. There is also evidence that hybrid eggs are fertilized

and are viable at least to the "eyed' stage. On June 20, 1966, several
hundred eggs spawned on the even.ing of June 16 were collected from the
riffle at the 20 m creek length location. These eggs were reared in the |
laboratory until the re sulﬂng fry had their anal fin rays vfixed in number..
T_ﬁe d.is.trlibution" of anal fin _ray.sl from these fish is shown in _Figure 14.

Those fish with '"9'" anal fin rays pfe sumably represent hybrid backcrosses
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to rMhylocheilus (See Fig. 7). Since hybrid males are, for the most part
sterile, (to be discussed subsequently) these backcrosses are likely the

-result of hybrid 99 x Mylocheilus o crosses. If these inferences are

correct, some hybrid females, at least, are a'bl‘e to compiete spawning
su’c‘cessfulvlyb. |

The role that hybri-d males play in the sp’awniﬁg aggregations is
- unknown.’ |

Postmating Isolating Mechanisms

Egg Survival to Hatching

"Hybrid steriiity and inviability are considered to be important post-
mating isolating mechanisms in many animal species. Consequently,
they were studied in the two species under discussion to see what impor -

tarice can be attributed to them. Eighty -two experimental crosses were

made utilizing all combinations of Mylocheilus, Richardsoniué, and
presumed Fj hybrid males and fefnales. An analysis of variance for

a 3 x 3 factorial design (W'inef, 1962 ) was used to test for significant
differences in mean survival bétweéh males and females. The level of
significance in these fests, és’ in all others in this thesis, was . 05.
Cleai‘ly, male and female effects are significant (F = 114. 27 for males,

35.19 for females > F _

= ! 3 3 13 1" 1A
T 05, af=2,73 3. 15). ‘In view of significant F |

- - values for main effeds (male, female), a Newman-Keuls test was used to
test for significant differences between individual cell means in an ordered
" sequence (Winer, 1962). The cell means and tests of significance»bet:ween

them are given in Table XIV,
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TABLE XIV. Mean egg survival of experimental crosses to hatching and
B tests of significance between ordered pairs of means using
the Newman-Keuls procedure (Winer, 1962). 1966, 1967
and 1968 data combined. . -

Cell Means _ .

Mvlocheilus@? Hybrid?? : vRichardsoniusQ? ’
Mylocheilusd o 71.6 . 65.4 91,5
Hybridd o 159 - 11.5 | 44.6
Richardsoniusd d 1 56.0 >64.4 | : 88.0

Newmaﬁ:—Keuls Te st,‘of .Ordered Means
] .01 '
Mean Difference Number of Steps

Between Ordered DBetween Ordered Critical Values of

Ordered Pairs Pairs Pairs 529.95(r, 73)
M9HJ and M9Md 55, 7%k 3 32,6
MPH and M?Rd 40, 15k 2 27.1
M@Hd and RHo - . 28, 7%k 2 27.1
RQR¢ and ReHc 43, 4k 2 27.1
RMg and RPHd 46,9%% 3 32.6
HeHd and HQRJ 52.9%: 2 27.1
H?HJG and ReHAJ 33, 14 3 32.6
HHJ and HMd 53,9 3 32.6
M¢Md and MQRJ 15.6 2 27.1
MeMd and ReMd 19.9 .2 27.1
M$¢MJ and HYMd 6.2 2 27.1
MQRd and HRR<S 8.4 2 27.1
R?Ro and R¢Md 3.5 2 27.1
|IR9Ro and MQRo 32.0 3 32.6
R?R¢ and H?Rd 23.6 2 27.1
H¢Mdo and HZR¢ 1.0 2 27.1
[H9Mo and R¢Mo  26.1 3 32.6

- H@HJ and M¢Hg - 4.4 2 27.1

"M = Mylocheilus, "R" = Richardsbnius, and "H'" = presumed F; Hybrid
P 1 4y

% = significant
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Crosses of Mylocheilus 99 x Richardsoniusd'd and the reciprocal do-
not differ sighificantly in mean‘egg sgrvival from pure crosses of either
parental species.

'B_ackcrosses of p;'é.éméd F, hybrids to Mylocheilus give two signi-

~ ficantly different results depending on which reciprocal is used. 8]

hybrid dd x MylocheilusQ@crossesproduce a mean survival of 15. 9% as

~ compared to 71. 6% for parental Mylocheilus crosses-- a significant

difference. The reciprocal ¢rosses, F] hybrid ¢¢ xMylocheilus gd,
yield a mean survival of 65. 4%, a mean survival which is not different

from parental Mylocheilus crosses (71. 6%).

Similarly, backcrosses of presumed F; hybrids to Richardsonius

yield different results depending upon which reciprocal is used.. Back-" -

~ crosses of presumed F; hybrid Q¢ x Richardsonius ¢d are not significantly

different from parental Richardsonius crosses, However, backcrosses

involving Richardsonius 9¢ and presumed F; hybrid g¢ yield significantly

poorer survival than parental Richardsonius crosses.

P'resu}'ned Fl hybrids when cross mated procitice the poorest mean
survival of any cross, only‘ 11. 5%. Although an egg survival of 11. 5% is
not insignificant, ‘the abnormality of newly hatc.:hed F, fry makes it unlikely
that they exist in nature: |

Of all crosses made, those which differ significantly always possess
one thing in common: at least oﬁe éf the crosses has a pre smn?d Fi

hybrid as the male parent. However, within those crosses utilizing

presumed F; hybrid males, better egg survival is obtained with Richardsonius
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than with presumed F; hybrid or hiylocheilus females. This fact

furnishes a clue as to the cause of the poor egg survival of the above
crosses. If F; hybrid males are extremely sterile, they should not have -

been able to fertilize the eggs of Richardsonius females. But they do.

This”sﬁggest's that at least part of the mortality of Mylocheilus Q¢ x
| presumed F) hybrid ¢¢ and presumed F1 hybrid ¢¢ x presumed Fy
‘hybrid od crossés may be attributed to genetic incompataBility or invia-
bility.
However, there is some evidence that pi‘esumed Fy hybrid males
- undergo abnormal spermatogene S_is and gonadal development, leaving
them pa.r‘tially sterile. The testes of these males are conside rably
smaller tﬁan those of either parental species. The quantity of rni_lt which can
can be extruded is markediy reduced, and its transpérency is great, in

contrast to that from Mylocheilus or Richardsonius. Although the

quantity of sperm in the milt does not appear reduced in presumed Fy
hybrids compared to either species, a microscopic examination of the
milt reveals that the F; hybrid sperm is more variable in size.

There is also some evidence that the factof(s) in the F| hybrid male
producing poor egg survival of M¢Q x Hoo and HQQ x HJd crosses is elimin-

ated in at least some of the hybrid backcross to Mylocheilus males. In

other words, it seems that assortment for the fertility and viability factors

of Mylocheilus has occurred. The eggs of a single Mylocheilus female

“were split into five lots and fertilized with different males. The egg

survival was as follows:
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0 g Total Eggs  # Eggs Surviving % Survival

M236  M239 1,695 1, 379  8l.4
" R 241 640 - 413 64.5
o R 242 | 878 767 87. 3
d . ‘H240 942 16 _ 1.7
Y ‘H238 e 803 92. 2

"I\/I;' = Mylocheilus, "R ;Richardsoni.us, - UH'" = hybrid. .

The data illustrate the great disparity between hybrid males. With hybrid male
rhale n240", egg survival is only 1. 7%, but is 92. 2% with hybrid male 238!

The muscle protein and M DH patterns of hybrid male '"238'" reveal that it

is at least a first generation hybrid backcross-to Mylocheilus. For hybrid

male '"240", the protein patterns are of a Fy hybrid nature.

Survival of Yolk-sac Fry to Fingerlings

The survival of yolk-sac fry to the fingerling stage was examined
under experimental conditions to discover whevthe‘r hybrid individuals are
inviable relative to the parentél speéie s. Such inviability can be a partial
or complete postmating isolating mechanism. Two -way anailysés of
variance were used to test fo.r differences in survival between crosses

(Winer, 1962). Survival of Mylocheilus 99 x Richardsonius og crosses do

not differ significantly from parental Mylocheilus crosses (F =00l< F

=18. 5).

4=.05, df = 1,2 Similarly, Richardsonius 29 x Mylocheilus dd

survival does not deviate significantly from parental Mylocheilus crosses

(F= 0.57 <-an.05’ af= 1, 5= 18, 5). However,.after 48 days of r‘eari‘ng,. sur-

vival of hybrid backcrosses to Mylocheilus proves to be significantly lower

‘than parental Mylocheilus crosses by approximately 20% (F = 21.43> F__ 05
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af = 1,13 +67)(Fig. 15). |

Only one lot of parenté,l Richardsonius fry was r_eéred because of |

the difficulty of procuring ripe females when the experiments were started. =
Fpr' an unknown reason, this lot has the poorest survival of any tested
-}(Fig. 15).

An inspection of the data reveals that a considerable proportion of

the total mort_al';ty (with the exceptioﬁ of the parental Richardsonius cro'ss)
is usually encountered by the first enumeration peribd (16 or 19.days).

The rate of mortality subsequent to this ié substantially 10§/er._ During
‘the first interval, the switch-over from an-endogenous to én exogenous
food source may have accounted for the considerable mortality experienc'ed.
In sharp contrast, little mortélity was suffered the first 19 days in the

parental Richardsonius cross. Subsequently, however, the rate of mor-

tality increased, producing the poorest survival of any. lot. It is felt that

the very poor survival of the Richardsonius lot is an anomaly. As a

check Richardsonius fry were reared in the laboratory in 1968 along with

F, hybrids. The survival of both was good and near equal.

In summary, the viability of presumed F, hybrid backcrosses to

Mylocheilus is markedly poorer than Mylocheilus crosses or for either

reciprocal Fl hybrid crosses.

Abnormalities df,Experimental Animals

Some fish, used in the experimental survival studies but not used for
biochemical studies, were examined for obvious abnormalities at the ter-

mination of the experiment. The results are presented in Table XV, .

Progeny of parental Mylocheilus and reciprocal F c‘ro'ss‘es are almost
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TABLE XV. Gross abnormalities of fish used in the viability experiment.s_
from the yolk-sac fry to the fingerling stage.

_ v : Number Number Type of
Female ~ ‘Male 'Examined Abnormal Abnormality
Mylocheilus - Mylocheilus 13 0
Mylocheilus Mylocheilus 112 0
Mylocheilus Richardsonius 88 1
Mylocheilus Richards oniﬁs 2 0
Richardsonius Mylocheilus 75 0
Mylocheilus - "Hybrid" 30 0
"Hybrid" Mylocheilus¥* 64 6 3 fish very small,

3 fish with bulging
abdomens
"Hybrid" Mylocheilus 37 6 2 fish with bulging

abdomens

2 fish with light
pigmentation

1 fish with light
pigmentation and
bulgiﬁg abdomen

1 fish with deformed
vertebral column

*% gome contamination of M2 X Hd crosses
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free of gross abnormalities. In contrast, progeny of hybrid backcrosses

to Mylocheilus possess many. For three such crosses, 11.5% of the

' -individua.ls possessed distended abdomens, unusually light or dark quy
éigmentation, or deformed vertebral columns(Fig. 16). Although deformed
fish are not considered as mo.rtaliti‘es in the fry survival experiments,

it is possible that such individuals would be selectively eliminated under
‘natural conditions. Evidence that this occurs could have been determinéd

if large numbers of adult hybrid backcrosses to Mylocheilus had been

obtained, for they should contain many deformed individuals if.selection
~has not operated against them.

Hybrid backcrosses to Richardsonius were not considered because

of a shortage of experimental animals.

Sex ratios of hybrid and parental species' populations

One hundred and nine hybrid individuals sampled from Stave Lake during
the summer of 1967 were examined to detect any deviations from a 1:1
sex ratio which may serve as a postmating isolating mechanism. On the
basis of biochemical characteristics (muscle proteins, MDH), the hybrids

were divided into two groups, 1) presumed Fl hybrids and 2) hybrid back-

- crosses to Mylocheilus. The sex ratios of the parental species' forms
captured from Stave l.ake (1" gill nets) were also examined and are shown

below with the sex ratios of hybrid individuals.
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A.DEFORMED VERTEBRAL
COLUMN

B. NORMAL

C. DISTENDED ABDOMEN

D. NORMAL

E. ABNORMAL PIGMENTATION

Figure 16. Typical abnormalities of progeny from hybrid backcrosses
to Mylocheilus.
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Presumed Hybrid Backcrosses

Mylocheilus Richardsonius Fi Hybrids To Mylocheilus

Males 279 24 43 10

Females 212 100 46 8

Sex Ratio  1:0.76 1:4. 17 1:1. 07 ©1:0. 80

(go': 29) o , - | |
' Chi-Square 9. 14% . 46.58% 0.10 - . 0.22

e

ko= significanée at o =0. 05"

Surprisingly, both parental forms deviate significantly from-a 1:1 sex

ratio, but in different ways. For Mylocheilus, there are more males

" than females while the reverseis true for Richardsonius. Why these

sex ratios are found is unknown, but possible factors responsible are:
1) an intrinsically;‘ abnormal sex ratio, 2) diff_g;e.ntial ﬁortality of the
. two sexes subsequent_to spawning, and 3) gill net selectivity. The 'sex
ratios of spawning individuals of both specie‘s in Devils Creek heavily

favor males,

Presumed Fl hybrids and hybrid backcrosses to Mylocheilus from
Stave Lake ( 1'" gill nets) both possess sex ratios which are not signifi-
cantly diffe~rent from 1:1. Although the hybrid data are difficult to inter-
pret in view of the sex ratios of the parental species, it is probably
reasonable to conclude »that the sex ratio of hybrids is not a postmating

isolating mechanism between the two species.

Comparison of Fingerling and Adult Hybrid Fin Ray Distributions
The anal fin ray distributions of fingerling and adult hybrids Wé re

corhpared to obtain a rough estimate of hybrid vigor or hybrid inviability.
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Based on the knowledge of the heritability of anal fin rays, those hybfids'

with 9 anal fin rays are présumed to be hybrid backcros ses to Mylocheilus,.

while those with 11 anal i‘ays are presumed-to be prirn‘a'rilyv F1 hybrids.

If 1 hybrids and -hybrid backcrosses to Mylocheilus  are inferior, rela-
tive to the parental species,. their frequency should decrease the older
they become. Consequently, the frequency of those hybrids with 9 and 11

B anal fin rays was compared relative to Mylocheilus as fingérlings and

as adults (Fig. 17). The hybrids would have been compared to both

parental species, but it was difficult to capture fingerling Richardsonius

because of their small size.  The data are as follows:

Ratio of the Ratio of the

Hybrids Hybrids Number Number of  Number of
With 9 With 11 of Hybrids Hybrids
~"Anal Rays Amnal Rays Mylocheilus With 9 With 11
Anal Rays Anal Rays
to - to

Mylocheilus Mylocheilus

1966 Adults 7 : _ 18 - 647 0. 0108:1 0. 0278:1

1967 Adults 19 64 1,544 0.0123:1 0. 0415:1

1967 Finger- 137 79 2,258 - 0.0607:1 0. 0350: 1
lings - :

If it can be assumed that 1967 fingerling recruitment was qualitatively and
quantitatively the same as for those years which produced the 1966 and

1967 adult populations, Fj hybrids do not appear less abundant as adults

than as fingerlings. On the other hahd, hybrid backcrosses to Mylocheilus

are approximately five times as abundant as finge rlings than as adults.



FREQUENCY (%)

1966 GILL NET SAMPLES~ ADULTS
N = 39 |

1967 GILL NET SAMPLES ~ ADULTS
N = {17

H

267 DIP NET SAMPLES - FINGERLINGS
N = 34}

Figure 17.

ribution of anal fin rays from 9! to Vi3Y for

ot 1966 and 1967 adults.
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DISCUSSION

Introgression, Swamping, and Reproductive Isolation

_ Ande rson and Hubricht (1938) defined introgression as '...an
infiltration of th¢ germplasm of one speéies into that of another. "
Stebbins (1959) étates tha‘tlthere are th;e’e essential phases_ to this process:
(1) the initial formation of the F; hybrids (2) ‘their backcfossing to one ér
the other of the parental épeéies‘, and (3) the natural selection of certain
recombinant types. The firs£ two phases are clear cut and, in most
cases, the presence or absence of them is easily demonstrated. The
third phase, however, is pot easily demonstrated.becaﬁse the permanence
of the recombinaﬁt types, a necessary conclusion if natufal selection is
favoring them, is difficult to establiéﬁ. The selectively ad#aptage@ﬁs

\

recombinants can possess one or innumerable alleles of the other species.

\

The latter situation is known as swa-mpirl;g and this type of introgression,
massive introgression, will be discussed first. The difficulty of deter-
mining the permanence of these récombinants (Hybrid backcrosses)

arises because phase 1 is constantly fecrt.libting F hybrids which in turn
produce the- 1st generation hybrid backcross.es or recombinants. Although
.all ”ihﬁrogressing" genes may be eliminated by the next generation, it
will appear thét they are permanent additions to tfle gene pool because
they are continually being‘replenished. They are, however, transient.
Backcross hybrids should not be considered as introgressants until their
»pé rmanence has been establi:shed. Exémpleé of hybrid backc}josses

constantly being recruited but subsequently eliminated from the populdfion
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are the persistent hybrid zones between the cypri'nids Gila orcuttii and

- G. mohavensis of southern California (Hubbs and Miller, 1943) and

Acrocheilus aleutaceus and Ptychocheilus oregonense .in British Columbia
(Stewart, 1966).
Unless ,the frequency of various hybrid backcross gengratiéns‘ can be

determined, it appears difficult to determine if swamping is occur.ring
when initialvhybridization and backcrossing are present unless;» (i) the
. swamping of the two gene pools is so near completién that it is unmistake -
able, \'Or (2) the distributions of the two.par_ental species for given characters
are not stationary over time or space.

" An attempt was macie to 'differléntiate between various backcross

generations to determine the permanence or, inversely, the transience

of "introgressing' genes in Mylocheilus and Richardsonius . Differentiation

between lst and 2nd or later generation hybrid backcrosses to Mylocheilus

was achieved with a fair degree of precision because of the opportunity to
make such crosses experimentally. Second generation hybrid backcrosses

are scarce; only 1 was found in 249 supposedly pure My}locheilus examined.

For Richardsonius, even lst generation hybrid backcrosses are scarce
(1. 7% of all hybrids), while no 2nd or later generation hybrid backcrosses

were found in a sample of 178 supposedly pure Richardsonius.

Based on the frequency of ""hybrid'' protein patterns and the distribution
of anal fin rays, the genes of one species which are "introgressing' into
the gene pool of the other, appear to be eliminated with subsequent back-

~crossing. If the two profeins(_?él loci ) are considered representative of
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the two genomes, it is concluded that swamping is not in progress.

Evidence for the absence of swamping between Mylocheilus and

Richardsonius was also gathered from two morphological characters,

lateral line scales and the ratio of the predorsal to .thek'prepelvic length.

Individu.a;ls from Stave Lake judged to be pure Mylocheilus and Richardsénius
on the basis of anal fin raysawere compared with populations where hybri&-
ization dées not occur, or where it could not have occurred in the past
because of the absence of one of the two species. No significant diffe rences

for either character are found between the means of the populations from

within, and outside, the hybrid zone. In fact, Mylcicheihié from the hybrid
zone possess higher mean lateral line scale counts than allopatric populations,

exactly opposite the expected result if Richardsonius genes for low scale

numbers.are introgressing into Mylocheilus.
Therefore, no evidence either morphologically or biochemically was

found to suggest swamping between Mylocheilus and Richardsonius, even

though hybrid backcrossing to Mylocheilus is not uncommon. Reproductive

isolation is maintained.

Although the absence of introgression of several loci controlling bio—v
chemical and morphologicai cﬁaracters. is used as evidence against massive
introgression or swamping betv'veen‘the two species,‘ '"there is no evidence
to refute the possibility that one, or two, or more, genes of each species
could not have introgressed into the other. This possibility, though
entirely plausible, is difficult to prove because one does not know if the

supposedly introgressed character was already present in the introgressed
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species at a low frequéncy.' Directional selection of preegisting varia -
bility could then‘bproduce are su1£ similar to introgression. Also, pheno- '
: typi‘c modification bf one morphological character to inadv.ertentl.y» resemble
avsim‘ilar one in another species cannot be ruled ou.t. Either introgression,
directional selection of 'préexis.ting variability, or phenotypic_mddiﬁcation

could explain the fact that the spawning time and breeding size of

Mylocheilus approximates ﬁhoée of Richardsonius only in the hybrid _zbne.
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Isolating Mechanisms

When both hybridization and reproductive isolation are present,
it is clear that f;he hybrids 5etwéen two é'becies must be é.t a selective .
disadvantage. This infe reﬁce hés been made by mény workers (Hubbs
and Miller, 1943; Sibley, 1961; Mayr, 1963 ; Hagen, 1967; and
Nelson,. 1968). Often, the Fy hybrids are vigorous but sterile (Hubbs,
1955) and this isolating mechanism prevents thos'é genes from progress-
ing any farther. However, many gxamples are. known where the Fy
hybrids appear fully fertile (Hubbs and Strawn, 1956, 1957a; Hagen,
1967; and Nelson, 1968)_ and otherbisolatihg mechanisms must contribute
to the elimination of their genes. FEither the Fy hybrids iiil to mate

or fhey c& maﬁe bbut the F, or hybrid backcross progeﬁy are inviable. .

» Evidence for hybvrid inferiority in fishes other than hybrid sterility is
meager. Many authors Y(Stewart, 1966;. Hagen, 1967; Nelson, 1968)
have been unablbe to dernonstraté .hybrid inferio?ity, an infériérity Which
mu‘st exist‘ if reproductive isolation is to be maintained between hybridiéing

species. Hubbs (1958) has pres‘ented some of the best evidence for hybri‘d

inferiority. Fy hybrid backcrosses to Etheostorna spectabile and E.
lepidum possess poorer survival to hatching and to the early larval
stage than either parental species.

Isolating mechanisms effecting reproductive isolation between

Mylocheilus and Richardsonius were examined generally in Stave Lake,
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British Columbia, and in Devils Creek in particular.

Premating Isolating Mechanisms Between the Parental Species

Although the peak of spawning for Richardsonius occurs several days

later than for I\@rlocheilﬁs, .1‘:h'e. overiap between them is-so great that:
seasonal isolétion cannot be an effective barrie.lv‘. Likewise, temporal
and spétial factors are poorly-developed isolating mechanisms in Devils. .
Creek since both species usually spawn, beginning af duék, oﬁ the first
riffie above the lake. Also,_' eggs collected from.an‘ 18" square riffle area
in Devils .C-reek yielded 11. 8% hybrids, further éiridence for the ineffective -
ness of spatial and t‘emporal mechanisms.

Daté on ethological isolation between the two species is meager since
night observation of riffies was near impossible. Onlyfhe presence or
é.bsenc.e of fish could be detected. It was not discovered, therefore,
whether ¥, hybrids were produced by mixed species aggregations or as the
result .of chance meeting of gametes from conspecific aggregations of each
species.

F, Hybrid Viability

Data were collected on the survival of eggs to hatching of various
crosses made under experimental conditions. Reciprocal crosses of

Mylocheilus x Richardsonius (Fjs) give good egg survival and are not

significantly different from parental Mylocheilus or Richardsonius crosses.

The survival of Fj hybrids was also studied from the yolk-sac fry to the

fingerling stage (approximately 60 days) under experi.mental condifions

and the re sults, again, do not ciiffer s'iglnificantly from parental Mylbcheilus

Crosses.



Some data were aléo gathered f?lgom the natural environment on the
success of Fl hybrids rela.tive. to that of Mylocheilus. If Fj hybrids are
'illaaciap_ted to the e'nvir.onment, ‘then their relative ab'undanc'e. should
decrease between the fingerling and adult sta'ge s. To insure thaf ma-inly
Fl hybrids were included in this comparison, only hybrids With 11 anal

fin rays were examined. The ratio of adult -F} hybrids to adult Mylocheilus

was 0. 0278:1 in 1966 and 0. 0415:1 in 1967, while the ratio of fingerling F,

hybrids to fingerling Mylocheilus in 1967 was 0. 0350:1. Assuming that the

production of F; hybrids in 1967 was similar to those years which resulted

in the 1966 and 1967 adult hybrid populations, it appears that, relative to

Mylocheilus, they are not inferior in sarvival.
In conclusion, therefore, egg survival of ¥F; hybrids under experimental
conditions is comparable to that of the parental species; survival of yolk-

sac fry to the fingerling stage is equal to Mylocheilus. Under natural con-~

ditions, there is no evidence that the survival of F; hybrids is any poorer
than for Mylocheilus. The good viability of Fj hybrids betw_eén Mylocheilus

and Richardsonius is in agreement with the findings of Nelson (1968) for

¥,y hybrids between two species of catostomids and for Fq hybrids between

two forms (species?) of Gastefosteus reported by Hagen (1967). Also,

there'is no evidence of hybrid vigor, as reported for many interspecific

hybrids among fishes (i. e. Centrarchidae, Hubbs, 1955).

Spawning Behaviour of Hybrid Fishes
As in the case of the parental species the technical difficulties of

observing at night limited observations of reproductive behaviour for
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hybrid indiviciua-ls._ However, some inferences can be made from speciméns‘
and naturally spawned eggs collected from Devils Creek. Hybri.ds in.
spaWning condition are abundant in gill nets set below the first riffle of
Devils Creek during the spawning period; they composed 18. 2% of all
spawning fish in 1‘966 and 11. 5% in 1967. The former figurve is somewhat

overestimated because the 38 mm gill nets used in 1966 discriminated against

the smallér species, Richardsonius. Regardless of this discrepancy, the"
pércentage of hybrids in spéwning coloration in Devils Creek is high, and
suggests the lack of temporai and spatial isolation between tvhe hybridsb ahd
the parenté.l species. Evidence corroborating the suggestion that hybrids
are not spatially or temporally isolated from the parental species is that
24. 6% of the fish collected from a spawning aggregati}on in an 18" square
. riffle area in Devils Creek were hybrids.
.There is also a suggestion that at least some hybrid females are able
to complete Spé.wning successfully. The percentage éf spent fema.les
(females that had probably deposited their eggs) is significantly higher

for hybrids than for Mylocheilus. . The presence of numerous BCM progeny

from eggs collected from the spawning riffles of Devils Creek in 1966 and
the ﬁuxnbgrous BCM fingerlings captured in the littoral zone of the lake in
1967 all indicate fhat some hybrid females do spawn and deposit their eggs
in an adequate manner. -The'se BCM provge-ny most likely originate from

crosses between hybrid females x Mylocheilus males rather than from

: MYlocheilus fem‘alesv x hybrid males because.hybrid males possess small

quantities of abnormal milt and crosses involving them produce very poor

egg survival.
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From the scarcity of hybrids with 9 anal fin rays (3/56), a ve'ry.
large percentage of these spawning hybrids are presumed to be of T
- origin. Apparently, adult hybrid backcros ses to Mylocheilus and

Richardsonius are as scarce in the spawning populations as they are in

sarﬁples taken frofn the pelalgic areas of the lake.

In conclusion, there is no evidence thag the spawning behaviour of
hybrid females serves as an effective isolating mechanism. Except for
the fact that hybrid males aré not seasonally, temporally, or spatially
segregated from the parental species, no information on their spawning
behaviour is available. A pos#ible etﬁologicai isolating mechanism
between the species would be the homogamous mating of hybrids. Since
such crosses are very unsucce ssfui, gene flow Would cease. However, the
spawhing beh-a‘viour‘ c->‘f the parental species--they both spawn in large,
tightly packed, aggregations--would probably not allow hybrid males the

exclusive use of a hybrid female.

Fj Hybrid Fertility and Hybrid Backcross Viability
Egg survival experiments involving hybrid males and females were
performed to ascertain their-fertility relative to the parental forms.

Crosses involving hybrid females, presumed to be Fys, and Mylocheilus

and Richardsonius males are not significantly different in egg survival

from parenfal Mylocheilus and Richardsonius crosses, respectively.

Apparently, therefore, hybrid females are quite fertile. On the other
hand, crosses of presurned Fy hybrid males with females of both parental

spécies yield poor egg survival, suggesting the partial sterility of these
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Vm..ale‘s. Other evidence for the partial sterility of presumed Fj hybrid
males is the appearanée of their milt; in contrast to males of the parental
species, it is transparent and very reduced in quantity. The spérrn',

themselves, are more variable in size than those of Mylocheilus.

However, the better egg survival of hybrid backcrosseé with Richardsonius
than with Mylocheilus females suggests that génetic incompatability 'may '
be a contributing factor in the poor egg survival of croéses involving Fy -
hybrid males.

The mean egg survival of pre sﬁmed Fl hybrid 9? x presumed F,
hybrid dd croéses is the poorest of all crosées attempted. Addition.bal'ly,v
these crossescharacter-istically-produée abnormal fry. From 632 eggs,
only 4 individuals were reared to the fingerling stage.

In one instance, a single Mylocheilus female was crossed with a

Mylocheilus male, a hybrid backcross to Mylocheilus male, 2

Richardsonius males, and a hybrid male of presumed Fj] origin. Egg

survival with the hybrid backcross to Mylocheilus male is 92. 2% com-

pared to 81. 4% for the control (Mylocheilus g) and 1. 7% for the presumed

Fy hybrid male. The milt of the BCM male was whitish in appearanc.e .and

similar to males of both species. Obviously, assortment for parental

Mylochgiltls fertility factors had occurred. The proportion of hybrid
backcrosseé with rgstored fevrtility is probably a funcfion of the number of |
genes b}.r which it is con‘tl;olledt.

"A statement s-hould be m.édle about the relatiqnship_ of egg suf\}ival as

measured experimentally to that under natural conditions. Egg survival
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under experimental conditions is probably substantially bétter than‘ natural
survival. This is because of the way the eggs are .fertilized: and treated
experimentally. The'milt is placed directly on the; eggs aﬁd the eggs
subséquently submg rged in a émall quantity of water for- about 15 minutes
"to water harden. Under the natural conditions of swift riffle s, the sperm
and egés are ‘probabl}} in contact for iny a very few séqonds andvtherefdire
the probabbility of fertilization may be reduced. Dead eggs infeéted w‘ith
fungus were usually' removed from experimental lots evéry day, thus
reducing the loss ‘by conta_minatidn of otherwise viable eggs. vIn nature,
fungus infectea eggs attached to rocks in Devils Creek were very abundant.
. How important these two factors are in reducing the number of offspring
produced by F; hybrid males is not known.

In conclusion, the fertility of Fy hybrids is not an effective isolating

mechanism between Mylocheilus and Richardsonius in Stave Lake.
However, the partial sterility of Fy hybrid males would certainly decrease
the speed of swamping between the two species," if other 'isolating mechan-
isms were not effective.

Experimental data show that the survival from the yoik—sac fry to the
fingerliné stage is significantlsr less (appfox. 20%) for hybrid backcrosses

to Mylocheilus than for parental Mylocheilus individuals or for reciprocal

F, hybrid individuals.
It should be understood that this 20% decrease in survival occurs over
;}I‘a» .pe‘riod of 011»1}/4.4.8 dgi- - probably a small fraction of the normal life span. .

Consequently, such a differential mortality summed over the life span of



85
the hybrid backcrosses seems adequate to eliminate virtually all éf them,
thus insuring the maintenance of reproducti%ze isolation between the two |
species. Besides this pdor‘er survival, hybrid backc‘r'o;sses to Mylocheilus

contain more abnormal individuals (11. 5%) than parental Mylocheilus or

’Fl .hybrid lots. 1If the 11.5% abnormal BCMs are consid»ered as mértali—
ties under natural co'ﬁaitions, as‘they_probably should be, this furthe.r
increases the differential mortality between them and Mylocheilus .to 31%.
Also, some selective factors (predation, disease, parasitism, etc.)
é.c?ing nagainst hyb>rid backcrosses in nature are probabl& absent from the
expetrimental holding tanks. To my knowledge, with the exception of
Hubbs' (1958) work on hybridization in Etheostoma, this is the only study
where the inferred inviability of hybrid backcross progény (even under
“laboratory conditions ) has been defnonstrated.

 Some circumst.antia‘l evidence from the hybrid zone suggests that BOMs
are selected-against, relative to Mylocheilus. When the number of indivi-

duals with 9 anal fin rays, which are assumed to be primarily hybrid

backcrosses to Mylocheilus, are compared as.finge'rlings and as >adu1ts,
it is apparent that fingerling B CMs are approximately five times as abundant
as adults. Unfortunately, only one ‘years. data are available. However,
if this year can be considered repre sentativé, then this is good evidence

that BCM s are at a selective disadvantage relative to Mylocheilusl. This

type of information not only suggests that the BCM s are selected against,
‘but also indicates what time interval in their lives selection against them

is strong. The field data indicate that intense selection occurs between
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the finge fiing and the adult stage. In one way, this seems. contradictory
because 1aborat6ry experiments indicate that sel.ecti‘on is strong from the
yolk-sac fry to the fingerling' stage. f’erhaps, selection is intense during
éll stages of thei; lives. Becau‘ée it is impossible (in this study) to-
identify B (M s before the fiﬁvgerling stage, no measuré of selection between -
the yolk-sac fry and fingerling stages éould be obtained in na_tﬁre.

Data én the viability of BCRs is meager. From the 'finge rlings
captured in the littoral zone of the lake in 1967, there is no reason to
suspect BCRs are numerous. Whether they are eliminated before the
fingerling stage, or.are never produced, is unknown.

What selective factors are operating to maintian the inferiority of
hybrid backcrosAses is unknovm. As Hagen (1967) points out, a knowledge
of the ecolégly of the two species i-s essential if one is to understand the
selective factors operating against the hybrids. In this study,.as in several
‘others, mechanisms Which effect reproductive isolation be"tWéen ‘two

- species are not the obvious ones of hybrid sterility or ethological isolation
but appear to be the component ones as socié.ted with the inferiority of

hybrid backcrosses, in part.'

Cause(s) of Hybridization and Lack of Reinforcement

The excellent work of Carl Hubbs (1955 and many earlier papers)
and his colleagues on hybridization in fishes reveals several generalizations
about the Aprocess. One is the correlation between hybridization and

disrupted environments. The cause(s) of hybridization in many cases is
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apparently due to the alteration of the environment rather than to alter-

ations in the genomes of the two hybridizing species.. In Stave Lake,

’ hyBridization between Myloéheilus and Richardsonius is probably related

fo the enlargement of the original lake for hydroéle_ctrié purpose.s. ’fhe
original facilities Werve constructed in 1911 with modifications in 1916

and 1923. Hybridization between the two species in Stave Lake has occurred
at least since 1950, a period of 18 years.

Ronald Fisher (1930) initially proposed that natullal selectioh acting
against hybrid individual; wouldr in turn act ag‘éinst those hybridizing
individuals of each species, thus favoring conspecific matings. ;This :
"reinforcement of isolating mechanisms'" would, with time, reduce or
eliminate hybridization befween two species. Much circumstantial evidence
is pre seﬁt in the evolutionary literature of reinforcement of premating
isolating rmechanisms (Sibley, 1961). Likewise, Koopman (1950) has

shown reinforcement of isolating mechanisms between Drosophila

Eseudbobscura and D. persimilis in the laboratory. However, there are
also many recorded situations where hybridization has persisted for many
years without reinforcement occurring. Hubbs (1961) presents evidence

that hybrids between two forms of Siphateles obesus have existed for

hundreds of years. Similarly, Nelson (1968) believes that Catostomus

macrocheilus and C. commersonii have hybridized for several hundred

years. In thevpresent-study, Mylocheilus and Richardsonius have hybrid-
ized for at least 18 years.

Various authors suggest factors goverhing the speed with which
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reinforcement is completed. Sibley (1961) states that "The intensity of

selection against the hybrids dgtermi_ﬁes the speed and extent of reinforée~
ment of the isolating mechanisms. ! (italics_mine). ' Undoubtedly, the
intensity of selection, ''s'" (Li, 1955), ié importanlt }but frequently the
intensity of selection is 1 (ma.xi’rnund intensit‘;y» of selection against a given’
genotype) because the hybri&s are sterile or inviable. Yet, hybridization
persists.. Equaliy impor‘tant, it seems, is the genetic basis (number of
genes and linkage) for the isolating mechanisms themselveé. For example,
reinforcement would be complete in oné generation if the hybrids .We re

sterile ( s=1) and if the partially effective isolating mechanism(s) was

controlled by a single, dominaht, gene. On»the other hand, many generations
would be required before reinforcement could be completed if the iso'lating-
mechanislm(s) was controlled multifactorially and with tight linkage, In

such cases, those alleles which contrjbute tb the inadequacy of the isolating
mechanism(s) would be exposed.to natural selection.only intgrmittently.
,Conseqpently, their eliminagion f];om the gene:pool(s) would be slow. vThvis
I;rlay be -aﬁ explanation for the lack of reinforéement betweeh the “two hyBrid— |
izing spec;es of catostomids described by Nelson (1968)." He believes

that '". .. selecti'o_n has not been se\./ere enough to have p;‘evented hybridi -
zation in any known locality.'" because a mismated individual -has the
opportunity to mate conspecifically in future years. However, female
catostomids probably do not spawn more than two or three times (Geen

et al. , 1966). Thus the intensity ofbselection agail}st hybridizing individuals
would be . 50 and . 33, révspevctively,' since all ‘hyb‘rids ére eliminated as

Fys. These intensities should be adequate (in the length of time that
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hybridization has supposedly occurred) to produce reinforcement, if the
genetic basis of the isolating mechaniéms are not highly multifactorial. It
seems clear that the intensity of selection'i_s not. the cauSa;tive factor for
the lack of reinfqrcement in the case of the -hybr-idizjng cafostomids.

Moore (1957) suggests that lack of reinforcement persists between
two hybridizing nspecies because reinforced genotypes are at a selective
advant'age only in the hybrid zone. Allopafric populations,v not possess-
ing these genotypes, supply non-reinforced individuals to the hybrid zone
via immigration, which subéeqﬁently hybridizé. Because bother isolating
mechanisms (postméting) are alsb present, reproductive isolation-is
maintained and swarﬁpihg prevented.

An alternative explanation for the lack of reinforcement in hybrid
zones is the absence of genetic differences between those indi\}iduals of
each species which _clc_)_ and those which don't hybridize.. In such instances,
there Will be no basis on which reinforcing selection can §perate. How
plausible such an explanation is, may be known when the causes of hybrid-
ization are better understood.

In summary, the persistence of interspecific hybrids in the cyprinids,
catostomids, and centrarchids can be interpreted as evidence for either:
1) the tight linkage between, and the large number of, genes coﬁtrolling
premating isolating mechanisms between species, 2) the immigration of
non-reinforced genotypes into the hyBrid zone (M oore's hypotheses), or
3) the lack of a genetic basis for hybridizatio‘nt Since the inten_si.ty of.

selection is severe in many cases where fish species have hybridized, it
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is probably of limited importance in the failure of reinforcement to occur.

For Mylocheilus and Richardsonius in Stave Lake, the lack of rein-
forcement may be attributed té' any of the above explanations, save the bne_
postulated by Moore. | Non-réiﬁforced genoéypes ‘probably cannot immigrate
into the lake because of hydroelectric dams. A further reason for the
absence of reinforcement between these two species in Sta\(e Lake could.'
be the short length of fime reinforcing selection haé been operating ( 18
years minimum). Whether this leﬁgth of fime is adequate again dééend;s
on the genetic control of the isolating mechanisms themselves. The

intensity of selection is surely strong enough.
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SUMMARY AND CONCLUSIONS

- The peamouth chub, Mylocheilus caurinum (Richardson) and the

redside shiner, Richardsonius balteatus, {Richardson) are two

closely related cyprinid fishgzs inhabiting the northwestern United
States and British Columbia. While maintaining identities as
species throughout most of their sympatric ranges, they engage

in extensive hybridization in S‘tave Lake, Britivsh Colum.bia.

r]:'he purposes of this study were (1) to dete rmine if reproductive
isolation was being ’maintained between them and> (2) if it was, what
_isolating mechanisms Wére responsible?

Two approaches were used to ascertain the presence or absence of
_ reproductive isolatioh. The fi;st, ‘a morphological one, attempted
to measure any shift in ‘the means of morphologtcal characters
between populations within and outside the hybrid zone. -Such a
shift could be interpreted as resulting from introgression. For
both characters used, no shifts in means were detected in eithér
species, indicating tﬁat swamping was not in progress.

The second approach, a combined morpholcgical—t)iochemical one,

attempted to estimate the frequency of adult ¥j and various hybrid

7 backcross generations. If swamping was in progress, adult hybrid

backcross individuals should be more numerous than adult F; hybrids

1
since there would be many more generations of them. Adult hybrid

backcrosses to both Mylocheilus and Richardsonius were much less

nume rous than adult F; hybrids. Adult hybrid backcrosses to
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Richardsonius were very scarce. Therefore, swamping was not

suggested by this approach either. -

In the absence'ef swamping, a search was made for isolating mech -
enism(s) effecting reproelucti_ve isolation between the species.

Devils Creek, a small tributary stream to Stave Lake, British
Colurhbia, was used to investigete premating and postmating isolating
- mechanisms between the speciee.

The seasonal distributions of spawning Mylocheilus and Richardsonius,

although not eupe fimposed upon. each other, overlap to a great
extent. ‘Spawning hybrids, mainly Fjs, were present throughout
most of the spawning periods of both species, although they seemed
somewhat more numerous during the early par.t of the spawning season.
Not only were both species and their hybrids not seasonally isolated,
.but- also they ﬁsually entered Devils Creek at the same time--at dusk,
or shortly thereafter. Most often they ascended Devils Creek to the
first riffle above the‘level of the lake, regal;dle ss of fhe lake level. -
Therefore, combined temporal (seasonal and dlel) and spatial factors
did not appear to be effective premating isolating mechanisms.
Likewise, ethological isolation appeared poorly developed,: if at all.
Hybrid females (mainly F)s) were numerous in the spawning popula-
tions and comprised at leaet an equal proportion vof all spent females.
Theoretically, they had deposited their eggs in an adequate manner.

Evidence to this effect was the numerous hybi‘id backcross to Mylocheilus

progeny (1) in naturally spawned eggs collected from Devils Creek and
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(2) in naturally produced fingerliﬁg; cpl].ected in ﬁhe littoral zone -
of Stave ILake. Since Fj hybrid males ﬁave little reproductive
potential_(to-be’ summarized subéequently), thése hybl;id backcxfoss
to Mylocheilﬁs progeny probably arose from hybrid rather éhan
Mylocheilus females.

Experiments were conducted under laboratory conditions to test

egg survival. In general, égg survival was good for all possible

combinations of Mylocheilus, Richardsonius, and presumed Fl.
hybrids except fo; crosses involving the presumed F; hybrid m;a.le.
!Crosses involving this -rnale Yielded poor .survival, partly because
of hybrid stérility (small quantities of abnormal milt, variably
sized sperm) but. partly because of inviability factors. Crosses
involving hybrid femaleé and the parental specieé' males gave good
, Bybrid malesafe at least partiaﬂ‘y

sterile, swamping of the species would rot be prevented, only slowed

"dov]n, because the hybrid females would provide an aite i'nate route.

The viability of fry to the fingerling stage was also tested under
experimental conditions and gave the only clue for the absence of
swamping. The survival of reciprocal Fj fry was as good as for

Mylocheilus. However, the hyBrid backcross to Mylocheilus fry

gave approximately 20% poorer survival than parental Mylocheilus .
fry. Additionally, the remaining fingerlings at the termin=-
ation of the experiment possessed 11. 5% abnormalities. While 20% -

less survival in itself would not pre\}ent swamping, it should be
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considered that such a differ-ent_ial occurred over a period of only 48

days. This study is one of the few in which the inferred inferiority
of natural hybrids, other than sterility, has been demonstrated, .
even if done so under experimental conditions.

Introgression, swamping, and isolating mechanisms are discussed.



95
LITERATURE CITED

Anderson, E. and L. Hubricht. 1938. Hybridization in Tradescantia.-
III. The evidence for introgressive hybridization.. Amer. h
~J. Bot., 25: 396-402. o

Bigelow, R. 1965. - Hybrid zones and reproductive isolation.
Evolution, 19(4):449-458.

Carl, G. C., W, A, Clemens, and C, C, Lindsey. . 1959. ‘The fresh-
- water fishes of British Columbia. Handbook No. 5. British
Columbia Provincial Museum.

- Colowick, S. P. and N. O. Kaplan. 1963. Methods in enzymology. VL
. Academic Press, New York. . :

Dobzhansky, T. 1951. Genetics and the origin of species. Columbia
University Press, New York. ' '

Fisher, R. A, 1930. ‘Thé_ ge_nética.l theory of natural selection. Clarendon
Press, Oxford. o S '

Geen, G, H., T.G. Northcote, G. F. Hartman, and C. C Lindsey. 1966.
Life histories of two species of catostomid fishes in Sixteenmile
Lake, British Columbia, with particular reference to inlet
stream spawning. J. Fish. Res. Bd. Canada, 23(11):1761-1788.

Hagen, D. W, . 1967. Isolating mechanisms in threespine sticklebacks
(Gasterosteus). J. Fish. Res. Bd. Canada, 24(8):1637-1692.

Hubbs, C, L.  1955. Hyb;idization between fish species in nature.
- Syst. Zool., j‘_x_:l—ZO.

Hubbs, C. L. 1961. Isolating mechanisms in the speciation of fishes.
In Vertebrate speciation. The University of Texas Press,
Austin. pp. 5-23. '

Hubbs, C. 1., and R, R, Miller. 1943. Mass hybridization between two
genera of cyprinid fishes in the Mohave Desert, California.
Proc¢. Mich. Adac. Sci. Arts and Letters, 28:343-373.

Hubbs, C. L. and K. F. Lagler. 1958. Fishes of the Great lL.akes region.
Cranbrook Institute of Science, Bulletin No. 26. ‘ '

Hubbs, C. and K. Strawn. 1956. Intérfertility between two sympatric
fishes, Notropis lutrensis and Notropis venustus. Evolution,
10(4):341-344. ' o




- 96

Hubbs C. and K. Strawn. 1957a. Survival of Fl hvybrids between o
fishes of the subfamily Etheostominae. J. Exptl. Zool., 134:
- 33-62. o o

" Hubbs, 'C. 1958. Fertility of F1 hybrids between 'thevpercid fishes,
Etheostoma spectabile and E. lepidum. Copeia,(1):57-59. -

Koopman, K, F, 1950. Natural selection for reproductive isolation
between Drosophila pseudoobscura and Drosophila persimilis.
-Evolution, 4:135-148. '

Li, C, C, 1955. Population genetics. University of Chicago Press,
Chicago. "’ ‘ '

Mayr, E. 1963. Animal species and evolution. Harvard University
Press, Cambridge, Mass. '

Moore, J. A, 1957. - An embryologist's view of the species concept.

_I_I_l_iThe species problem. Am. Assoc. Adv Sci. Publ
No. 50:325" :

Nelson, J. S. 1968. Hybridization and isoiating mechanisms between
Catostomus commersonii and C. macrocheilus(Pisces: Cato-
stom_idae). J. Fish. Res. Bd. Canada, _g_é(l):lOl-lSO.

Sibley, C. 1961. Hybridization and isolating mechanisms. In: Verte-
brate speciation. University of Texas Press, Austin. pp. 69 -88.

Stebbins, G. 1959. The role of hybridization in evolution. Proc. Am.
Phil. Soc., _1_(2:231?251.

Stewart, W.S. 1966, A study of hybridization between two species of
cyprinid fishes, Acrocheilus alutaceus and Ptychocheilus
oregonense. Ph.D. thesis, University of British Columbia.

Tsuyuki, H., E., Roberts, R. H. Xerr, and A. P. Ronald. 1966
: - Migro starch-gel electrophoresis. J. Fish. Res. Bd. Canada,
23(6):929-933. - o ‘

Winer, B. J. 1962. Statistical principles in experimental design.
McGraw-Hill Inc., New York. '



