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ABSTRACT

Samples of Patrobus fossifrons (©schscholtz) and P. stygicus Chaudoir were examined

for morphological, electrophoretic, and ecological characteristics. A coastal morph and an
inlund morph of P, fossifrons are described, and their biogeographical history is discussed.
P. stygicus was homogenecous across ali populations for the features studied.

In allopatry., dificrences in all three character types indicate that P. stygicus and the two
morphs of I, fessifrons are distinet. P, stygicus and infand P. fossifrons co-occurred at
Cypress Hills, and in the Pincher Creek arca. In the latter arca, P. stygicus and inland P.
fossifrons lived in different habitats. P. stygicus and coastal P. fossifrons co-occurred at
Wauconda, Washington, with no evidence of habitat partitioning.

Indircct evidence of gene flow was examined in morphological and clectrophoretic
characters, and estimates of gene flow levels were calculated from electrophoretic data.
Although two putative hybrids werce found at Pincher Creck, gene flow est:mates between
P. stygicus and inland P. fossifrons were no higher there than in allopatry. A hybrid

coastal P. fossifrons/P. stygicus specimen was found at Wauconda, which was at least an

F5, based on clectrophoretic information. Gene flow between P. stygicus and coastal P,
fossifrons was slightly higher in sympatry than in allopatry. In all cases, gene flow
between P. styvgicus and P. fossifrons was low cnough that these taxa are able to remain
genetically distinet. and they are ranked as separate species.

Although coastal and inland P. fossifrons can probably interbreed, estimates of gene
ffow between them were low enough that they are capable of diverging. They are probably
species in the making; until the boundary between them is better understood, they remain
grouped as a single specics.

Elcctrophorctic data was gathered from all six North American Patrobus species, as
well as from the European P. atrorufus and from two Diuplous species, to test the
previously-accepted phylogenctic positions of Patrobus species. The resulting
reconstructed phylogeny suggested that P. fossifrons and P. stygicus may not be sister
species, and that the subgenus Neopatrobus may not be monophyletic.
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1. INTRODUCTION
1.1 General Biology of Patrobus
Adults of Patrobus Dejean are structurally unspecialized carabid bectles, 8 to 15mm

long. Their distribution is holarctic.

Six specics of Patrobus live in North America. P. septentrionis Dejean and P.

foveocollis Eschscholtz range across the northern part of the continent, south as far as
Colorado. P. longicornis Say is the most southern, occurring across the central and eastern
United States, and North into southern Canada. P.lecontei Chaudoir lives in central
Canada, south into the Rocky Mountain states. P. fossifrons (Eschscholtz) and P. stygicus
Chaudoir arc more or less parapatric, with their combined ranges extending across northern
North America south to Colorado. P. fossifrons lives primarily West of the Rockies, while
P. stygicus lives primarily East of them. The ranges of these two specics arc discussed in
more detail below. All six of these species have been collected in Alberta.

The habitats of North American Patrobus species are moist arcas such as damp foresis
and mcadcws, and pond and stream margins. P. stygicus and P. fossifrons are the most
hygrophilous, living a semi-aquatic lifestyle in sedge clumps and under debris at pond

margins. Pairobus bectles are gencralized predators and scavengers.

1.2 Position of Patrobus in the Carabidae

According to Lindroth (1961), the most closely related genus to Patrobus is
Platypatrobus Darlington. These gencra, along with Diplous Motschulsky, make up the

tribe Patrobini. The Patrobini and its sister tribe the Deltomerini (containing the genera
Platidiolus Chaudoir, Deltomerus Motschulsky, and Paradeltomerus Apfelbeck) make up

the supertribe Patrobitac.

Another group in the Patrobitac, Penetretus Motschulsky, cannot be placed in either
tribe with certainty. Ledoux (1984) states that Penetretus is clearly monophyletic, but
because the diagnostic characters of the tribes are not reliable, species within the genus
would be divided between Patrobini and Deltomerini. Currenily, the genus is incertae
sedis.

According to Kryzhanovskiy (1976), members of the supertribe Patrobitae are similar
to members of the Broscitae, Psydritac, and Trechitae, but they also share some
characteristics with the Ptercstichitac. The phylogenetic relationships among these
supertribes arc currently unresolved, so in Kryzhanovskiy’s classification, Patrobitae has
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simply been placed between the Trechitae and the Pterostichitac. The current state of
classification of the Patrobitae is summarized in Figure 1.1,

1.3 Taxonomic History of Patrobus

The genus name Patrobus was first published by Dejean (1821). The type species, P,
atrorufus (Stroem), had been around for a long time as Carabus rufipes before it was
placed into Patrobus. Darlington (1938) points out that, technically, Patrobus ought to be
considered as a junior synonym ol Calathus, because the particular specimens of Carabus
rufipes that Dejean examined were actually misidentified Calathus, and not Patrobus at all.
However, so much literature about "Patrobus” exists that the rame has been kept, despite
the technicality.

The currently-accepted relationships of North American species of Patvobus are based
primarily on Darlington (1938). His phylogenctic conclusions were based on external
morphological characters, detailed examination of the male genitalia, and on geographic
distribution. He also examined female genitalia, but did not find any uscful characters
there. Darlington reconstructed the phylogeny of North Amecrican species of Patrobus. He
also concluded that members of the genus Patrobus likely originated in Asia, and then
speciated and migrated into Europe and North America. Although he erected the subgencera
Neopatrobus, Geopatrobus, and Patrobus sensu siricto, he did not hypothesize what their
relationships might be.

Kiihnelt (1941} examined the worldwide Patrobus specics, and crected six species
groups. He postulated that Patrobus first diffcrentiated into a European and an Asian
assemblage. The European assemblage (corresponding to Darlington’s Patrobus sensu
stricto) diverged into three species groups, and the Asian assemblage diverged into an
Asian group and two other groups corresponding to Darlington’s Geopatrobus and
Neopatrobus subgencra. Kiihnelt’s idcas of these relationships were based on the structure
of the male genitalia, and on present-day geographic distributions.

Lindroth's (1961) treatment of the Carabidae of Canada and Alaska included the North

American patrobines. He agreed with Darlington's appraisal of the relationships in the

group, but changed the status of some of Darlington's subspecices. He did not recognize
Darlington's subspecies of P. lecontei and P. foveocollis, and he changed the status of P.
fossifrons and P. stygicus (see Scction 1.4 for details).

Carter (1671) studied the ecology of Patrobus in central Alberta. He accepted

Darlington's phylogeny, and fitted the habitat preferences of Patrobus species to this

19
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phylogeny. ilis study was not a test of the phylogeny, but it did provide some
corroborative evidence for previous ideas.
Recent description of many new Asian patrobines has left the classification of Patrobus

in disarray. The group Minypatrobus Ueno was considered by Habu (1972) to be a

subgenus of Patrobus, but Lindroth (1961) stated that it was rclated to Platidiolus, in the
sister tribe to the Patrobini, the Deltomerini. Habu (1972, 1973, 1976) described several
Asian species in Minypatrobus and in another new subgenus, Apatrobus Habu. A patrobus
is a previously unrccognized group, and, according to Nakanc (1978), docs not correspond
to Kiihnelt's Asian species group, which is no longer recognized.

The current reconstruction of the phylogeny of Patrobus (Figure 1.2) summarizes the

contributions of the aforementioned workers, and indicates current uncertaintics.

1.4 Taxonomic Status of P. fossifrons and P. stvgicus

Darlington (1938) considered P. styvgicus to be a subspecies of P. fossifrons; P.

fossifrons stygicus Chaudoir. Darlington also split the present-day P. {ossifrons on the

basis of their wing development. He recognized the brachypterous populations of the

Aleutian Islands as P. fossifrens fossifrons (Eschscholtz) (type locality 'Tnalaska Island),

and the remaining wing-dimorphic populations as P. fossifrons dimorphici:s Darlington

(type locality near Victoria, Vancouver Island). Though he considered these three taxa to be

subspeccies, Darlington noted that more information might prove P. fossifrons stygicus to

be a full species. This is exactly what Lindroth determined in 1961, and this is how they

arc treated today. As well, Lindroth did not recognize Darlington's P. fossifrons fossifrons

as a subspecies of P. fossifrons. He could not find any difference between it and

Darlington's P. fossifrons dimorphicus, other than the fact that P. fossifrons dimorphicus

had at least a few long-winged individuals in every population, so he grouped the two as P.

fossifrons.

1.5 Scope of This Study

The recent discovery (Ball, unpublished) of possible . fossifrons-stygicus intergrades

in southern Alberta has cast the status of these taxa as separate species in doubt. In 1987, 1
tacklcd this problem as an undergraduate project in Entomology, under the guidance of G.
E. Ball. That study provided more questions than answers, so in 1988 I expanded it into

this MSc. thesis project. The questions 1 will attempt to answer are the following:
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specics correct?

2. Is there any variation within these taxa (for example the reduced-wing versus

wing-dimorphic populations of P.fossifrons} that ought to be recognized
taxonomicaily?

3. Does hybridization occur betwecen these taxa? What conditions allow it to occur
or prevent it from occurring?

4. Arc the currently accepted phylogenctic positions of P, fossifrons and P,
stygicus within Patrobus correct?

Most previous taxonomic work on Patrobus has involved morphological and ecological
characters. This is suttable for many problems, but it does not yield much informa  n
when very similar species such as P. fossifrons and P. stygicus are compared. In this
study, morphological and ecological data are compared and contrasted with clectrophoretic
data. By using these different data types the biases of cach becomes evident, and a true
picture should emerge.
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Figure 1.1: Reconstructed phylogeny of the supertribe Patrobitac. Based on Kurnakov
(1960), Lindroth (1961), and Kryzhanovskiy (1976).
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Figure 1.2: Reconstructed phylogeny of North American Patrobus species. Dashed
lines indicate probable positions of Palcarctic taxa. Based on Darlington (1938), Kiihnelt
(1941), Lindroth (1961), and Nakanc (1985).
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2. MATERIALS, METHODS, AND PRELIMINARY
DATA PKOCESSING
2.1 Specimens Examined
In this study, 520 pinned and 617 live specimens were examined. All six Noith

American specics of Patrobus were examined, as well as P. atrorufus from Europe.

Diplous aterrimus Decjcan and D. californicus Motschulsky were used as outgroups.

Collection localities of P. fossifrons and P. stvgicus are mapped in Figures 2.1 and 2.2.

Samples of P. septentrionis and P. foveocollis were collected at P. fossitrons and P

stvgicus sites. P. lecontei was collected at P. fossifrons and P. stygicus sites, and at
Bennett and Frith Ponds in the Pincher Creck arca. P. longicornis was collected at the
North Saskatchewan River ncar Edmonton, and P. atrorufus was collected near Helsinki,
Finland. D. aterrimus samples were collected at the North Saskatchewan River ncar Rocky
Mountain House, the Oldman River ncar Pincher Creck, and the Waterton River ncar the
Waterton Dam. D. californicus were collected at the Simitkameen River near rlediey.
L _:ailed label information for all examined specimens appears in Appendix #1.

Pinncd beetles were from my personal collection, and from the following institutions,
with names of curators in parcntheses:

BDUC: Biology Department, University of Calgary, Calgary, Alberta T2N N4,
(G. Prnitchard);

CAS: California Academy of Scicnces, San Francisco, Cahfornia 94118, (DI
Kavanaugh);

UASM: University of Alberta, Department of Entomology, Strickland Muscun:,
Edmonton, Alberta T6G 2E3, (G.E. sall).

Live specimens were collected in western North America in 1988, 1089, and 1990,

Most of them were obtained by treading sedge hillocks and looking under debris around

pond margins. Exceptions were P.longicornis, D. aterrimus, and D. californicus
specimens, which were found under rocks and debris along river margins, and P. atrorufus
specimens, which were collected in forest pitfall traps by J.R. Spence and J. Niemeld.
Spccimens were kept on cool damp moss in petri dishes. Purina™ brand dry cat food
was provided as food. Once in the laboratory, cach specimen was identified, sexed,

measured, given a unique alphanumeric identification code, and then stored frozen at -70°C

6
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unul further analysis. Afterwards, beetles, wings (mounted on glass slides), and other
beetle parts (glucd to cards) were deposited in the Strickland Museum, in the Department of
Entomology at the University of Alberta.

Most of the live material was sampled for both morphological and clectrophoretic
characters, but pinned specimens could be sampled only for morphological characters.

Bectles with incomplete data were included in analyses whenever possible.
2.2 Electrophoresis
2.2.1 Theory of Polyacrylamide Gel Electrophoresis

Elcctrophoresis is a process which separates protein molecules on the basis of their
clectrical charge, size, and shape, by using an electrical field to force them through a gel.
Compeunds are separated on the basis of charge, since positively-charged compounds
{raddons) migraie toward the cathode, and negatively-charged compounds (anions) migrate
toward the anode. Eiectrophoretic filtering properties thus depend on the strength of the
electrical current, and on the pH of the gel (the charges of the proteins depend on the pH of
the medium they arce in). The gei also physically sieves compounds, to separate them on the

basis of sizc and shape. All of this is expressed in the following formula:
[1.1] U = Qd/4Ir2n

where U = the rate of movement of the molecule, Q = net molecular charge, r = radius as
an indicator of molecular size and shape, n = the viscosity of the gel, and d = the sirength
of the electrical ficld applied to the gel (Murphy er al. 1990).

In polyacrylamide gel electrophoresis, crystalline acrylamide is polymerized into a chain
by persulfate, riboflavin, and N,N,N,N'-tctramethylene-diamine (TEMED), which act as
catalysts. By including a small amount of N,N'-methylene-bis-acrylamide, crosslinks are
put into the chain, to form a mesh. The tightness of the mesh, and thus the filtering
propertics, depend on the acrylamide concentration in the gel, and the percent of acrylamide
that is bis-acrylamide.

The buffers used in clectrophoresis make an electrical connection between the
clectrodes and the gel, maintain a constant pH (and thus keep relative electrical charges
constant), and stabilize the compounds being clectrophoresed. The buffer pH is generally
kept on the alkaline side of the isoelectric point of the electrophoresed compounds, so they
will be negatively charged, and migrate through the gel to the positive elecirode.

7
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In biology, enzymes can be studied clectrophorctuically. They usually occur m very
small quantitics, but their presence can be determined by using them to catily 7¢ 4 reaction

vielding a highly visible product. Resultung bands in different posttons are termed

clectromorphs. An assumpt "enzyme clectrophoresis is that difterent clectiomorphs are
coded by different allele: gonerally a saf'e assumption, but not all alleles result i

uniquc electromorphs. Sclander (1976) pointed out that 16 ol the 20 amuno acids are
clectrically neutral within the pH range of most clectrophorctic analysis. Thus changes n
these neutral amino actds would not alter the charge of a protein. Some of these alleles can
be scparated on the basts of their conformation alone, but many alleles are massed by
standard electrophoretic procedures. King and Wilson (1975) calculated that only 27% ol
point mutations arc clectrophoretically detectable. Electromorphs, then, are not exactly the
same as alleles, but they arc analyzed in the same manner.

Grouping sceveral alleles as the same electromorph reduces the fevel of detul visible ina
study; we arc not sccing all the variation which exists, so the picture becomes "grainy’.
However, the statistical analyses are still sound; alleles can be combined, as long as no

allele is split into two or more clectromorphs.
2.2.2 Materials and Methods

Apparatus and Gels

Electrophoretic procedures are based on those of Rolsceth and Gooding (1978). Sce
Appendix #2 for sources ol chemicals. Electivcal equipment inciuded a Sorvall? RC-358
centrifuge, a Hewlett-Packard™ 6448B power supply, a water cooling unit, and two warm
water baths. The clectrophoretic apparatus was built by B. M. Rolscth and M. G.
Maclntyre, and is similar to the commercially-available Bio-Rad™ system. It has a 60 x 140
X 115mm cooling chamber, to which two sheets of plass are clamped to form an upper
buffer chamber with a 140 x 160 x 0.75mm gel chamber on cither side. A large Plexiglus”
tank houses this entire apparatus, and forms the lower buffer chamber.

Electrophoresis stock solutions were based on those of Rolseth and Gooding (197%),

with some modifications. They were prepaered with glass-distilled water as follows:

buffer AB9: 24ml IM HCI, 18.1g Trizma™-base, and 0.12ml TEMED/100ml H20,
adjusted to pH 8.9;

buffer A82, pH 8.2: 60ml 1M HCI, 18.1g Trizina” -base, and 0.12ml
TEMED/100ml H20, adjusted to pH 8.2;
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buffer B: 25.6m! 1M H3PO4 5. 7g Trizma™ -basc, and (.46ml TEMED/100ml
H-O, adjusted to pH 6.7;

C7 acrylamide: 27.51g acrylamide, and 0.49g N, N'-mcthyvicne-bis-
acrylamide/ 100ml H20, filtered through a vacuum funncl;

C9 acrylamide: 35.58g acrylamide, and 0.42g N,N'-mcthylenc-bis-
acrylamide/ 100m! HzO, filiered through a vacuum funncl;

solution D: 24g acrylamide, and 5g N,N'-mcthylenc-bis-acrylamide/100ml HzO,
filtered through a vacuum funncl;

solution E: 4.0mg riboflavin/100ml H2O, filtered;

solution G: 0.14g ammonium persulfate/100mi H2O.

The gel slabs consisted of a 100mm high scparating gel (25% A solution, 25% C
solution, and 50% G solution), under a 40mm high stacking gel {65.5% H20, 16.5% D
solution, 15% E solution, and 12.5% B solution). Twenty sample slots (0.75 x 4 x 30mm)

were formed in cach gel by inserting a teflon comb in the stacking gel before it set.

Samyple Preparation and Analysis

Prior to clectrophoresis, bectles were stored at -70°C. After thawing, elytra, wings,
lcgs, and antennac were removed and saved for further study. Homogenates were prepared
by grinding the hcad and thorax in homogenizing solution (20mg DL-dithiothreitol, 150mg
nolyvinyl-pyrrolidone, 0.5ml B solution, and 3.5ml] distilled H20). The head and thorax of
cach beetle was homogenized in 7041, and cach abdomen was homogenized in 140l

Samples were centrifuged at 76000G for six to eight minutes, and the supernatant
portion loaded into the gel slots with a microsyringe. Tank buffer (57.6g glycine, 12.0g
Trizma™-basc/4L HO) was then put into the upper and lower buffer chambers, and two
drops of bromoephenol blue marker dye was added to the upper buffer chamber. The
cathode was connected 10 the upper buffer chamber, and the anode was connected to the
lower buffer chamber. An clectrical currert of 25mAmps per gel was applied for
approximately three hours, during which time the samples and gels were kept cool by
circulating 0°C water through the cooling chamber.

Staining
At the end of electrophoresis, the gels were removed from the apparatus, and stained

according to various staining recipes. Stain buffers were prepared as follows:
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200mM tris bulfer, pH 8.0: 30.84g Trizma” hydrochlonde, and 17.76p trizma®
base/1.0L H20, adjusted to pH 8.0,

S50mM tris buffer, pH 7.2: 7.02g Trizma® hvdrochlonde, and 0.07g Trizma™
basc/1.0L H20, adjusted to pH 7.2;

200mM phosphate buffer, pH 6.0: 123ml 0.2M Nua>HPO4 and 877ml 0.2M
NaH»PO4 adjusted to pH 6.0.

During staining, gels were incubated at 37°C, unless otherwise noted. After bands
appeared, the enzymes were denatured by placing gels and overlays in 7% aceuc actd. Gels
were then scored, and stored in the dark in plastic bags. Cellulose acctate overlays were
stored in the dark in paper ecnvelopes.

Gecls were stained successfully for cight enzymes (Table 2.1). Details of the procedures
appear in Appendix #3. This appendix also contains a list of 19 other enzyme stainys which
were attemplted unsuccessfully. Throughout the thesis I follow the convention of Gooding,
and Rolseth (1979) and refer to enzymes with a capitalized abbreviation, and to the enzyme
locus with an italicized abbreviation.

For cach enzyme, the Rf values were calculated as the distance the bands moved during
clectrophoresis, divided by the distance the bufter front (as indicated by the bromopheiiol
bluc dye) moved towards the anode.

Any bands for which the motility was questionable (usually duc to technical problems
such as smecaring and denaturation) were deleted from the analysis. Assigning of
ciectromorphs was based on banding patterns of many individuals run over many days,
and was verified by B. M. Rolscth. Electromorphs of very similar mobilitics were rerun in
adjacent slots on a gel, whencever possible, to ensurce that they were truly different.

Rf values were corrected for stight fluctuations in gel concentration and pH, by using
the predominant electromorph for cach locus, as tollows: First, the average Rf of the
predominant allele was deterinined using as many gels as possible. Then, the 'shift factor’
for each gel was calculated; the average Rf of the predominant allele across all gels divided
by the Rf of the predominant allele on that gel. Finally all the bands on the gel were
multiplied by this factor. Bands were then assigned to various clectromorph classes, based
on these corrected Rf values.

Electromorphs which were so close together that they could not be distinguished
accurately on a gel (approx. RI difference of 0.005) werc combincd as a single
electromorph. Each recognized electromorph is assumed to be coded by a uniquce allele. For
each locus, electromorphs were lettered in order of increasing Rf value, to represent these
alleles.

10
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2.2.3 Results

Figures 2.3 to 2.5 iflustrate representative gels and banding patlerns resulting from the
staining procedures described ubove. Tables of clectromorph codings, for individuz!
beetles, appear in Appendix #4.

All cight enzymes were monomers, except for ODH and PGI. which were dimers.
Based on banding patterns, all cight enzymes appear to be products of autosomal loci in the

beetles examined.

Dand Reading Difficulties
Coding of electromorphs of AO was particularly problematic. Stained bands were

doubled in several species (P. stygicus, P. septentrionis, P. atrorufus, and sometimes P.

foveocollis). One of these bands is likely a conformer, while the other is the actual
clectromorph. This doubling' of bands was noted by Johnson (1978), for alcohol

dehydrogenase of Drosophila mojavensis. In that study, expenments revealed that the slow

band was the true cleciromorph, and the fast band was due to binding of B-nicotinamide
adenine dinucleotide (NAD) 10 the enzyme.

NAD binding was not the cause of doubling in Patrobine A O, since addition or deletion
of NAD at the homogenizing step did not alter the appearance of the conformers. However,
some other factor is likely altering the mobility of some of the enzyme molecules in a
similar manner. [t 1s not known what this compound could be.

P. stygicus had some variation within these doubled bands (Figure 2.3). The distance
between tne two bands (conformer and clectromorph) was variable, as was the position of
the bands on the gel. This variation is similar to the situation aescribed by Johnson (1978).
He reported that the NAD-induced conformers of different clectromorphs were often in
similar positions. As well, he noted that hidden variation existed; electromorphs were often
coded for by several alleles, all with the same mobility. These alleles could be distinguished
because they had different Ievels of reactivity with NAD, and thus produced conformers in
different positions. Thus it appears that different clectromorphs can have the same
conformer, and the same ciectromorph can have different conformers, creating very
complex banding patterns. This results in various combinations of slow and fast bands,
and is likely what 1s occurring in Patrobus AO.

Unfortunately, the hidden variation could not be deciphered in the current study. Al P.
stygicus bands were close together (Rf values between 0.275 and 0.310), and
distinguishable from bands in most other species. Only alleles of P. septentrionis and P.

11
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foveocollis individuals were within the range of bands of P. stygicus AQ. For this study,

the P. stvgicus bands arc grouped together, along with the P. septentrioms and P

foveocollis bands. The resulting clectromorph is given an RY range rather than a specitic

vaiue. Doing so means ignoring some varnaton, but this will be no ditferent tfrom the
hidden variation characteristic of most cvery cnzyme system.

P. atrorufus also had doubled bands at RI 0.315 and 0.330. Since this averlaps with
bands in other species, (P. fossifrons and P. lecontel at R 0.325) they were all coded as
the same electromorph in this study, again with an Rf range rather than a spectfic value.

Doubling of bands was also present in EST-3, in P. stygicus, P, septentrionis, P.

foveocollis, P. lecontel, . aterrimus, and occasionally in D, californicus (the latter moie

often in head-thoracic than in abdominal samples). The two bands were of cqual intensity,
and, unlike AQ, the relative distance between them was always the same (Rt difference of
0.032). In this study, the slower band is considered to b. the actual - lectromorph, so1ts Ri
value 1s used.

These conformers often were in the positions of other clectromorphs of the samce
species, resulting in double, triple, and quadruple bands, depending on the allele
combination. Johnson (1977) described a situation similar to this, where bands were
evenly spaced, as predicted by Ohta and Kimura’s (1973) ladder model of enzyme vanaton
(see Chapter 6 for details). This is probably due to some unknown factor acting on the
enzyme molecules, altering their conformations in a manncr simifar to changes caused by
genetic differences. The result is that the conformer ends up wiih the sume conformation as
another clectromorph, and thus the same clectrophoretic mobility. This in spite of the fact
that they may have amino acid differences.

In spite of these conformers, it was stiti possible to score the various clectromorphs of

EST-3, once these complex banding patterns were understond.
2.2.4 Preliminary Data Processing

This section involves a scries of tests applied and analyzed sequentally. Subsequent
tests depend on results of the previous tests. Therctore, methods and results of cach test are

discussed together in this section, so that the text follows alogical progression.

Hardv-Weinberg Tests for Equilibrium

Initially, beetles were categorized according to species, collecuon site, and date of
collection. After coding of alleles, all of these groups of specimens which contained at least
five individuais were tested for deviation from Hardy-Weinberg cquilibrium. For groups

12
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with at least 20 individuals, a chi-squared test was carried out. For groups with fewer than
20 individuals, a Fisher exact probabilitics iest was used instcad of a chi-squared test, 1o
correct for small sample sizes.

Over 94% of the tests indicated that the groups were in cquilibrium, using a 95%
confidence interval. Of 139 tests made on 31 population samples, only eight (5.8%) of the
tests did not conform to equilibrium. This is what was expected; about five percent of tests
would not conform to Hardy-Weinberg cquilibrium when using a 95% confidence interval.
Groups which were not in cquilibrium were examined (Table 2.2), to see if they fit any
pattern. None was discerned, so it was concluded that the populations studied were

randomly-breeding, and that any disequilibrium was not biologically significant.

Temporal Comparisovs

Scveral sites were sampled more than once over the three year collection period. At
cach of these sites, chi-squared tests for homogeneity among samples were carried out at
cach locus, for all populations having at least five individuals scored for the particular
locus. Chi-squared values and degrees of frecdom were then summed across ail variable
loci, to determine the probability of the different samples being homogeneous. Summaries
of these tests appear in Table 2.3. At P. fossifrons and P. stygicus si" s, samples collected
on different days were not significantly different, except for slight differences between the
two samples collec ' at Hinton. 1t is concluded that, in general, there is little significant
temporal variation 1 aliele frequencies within a single scason, nor over three seasons. For
cach of these multi-sampled sites, the various days’ samples were pooled together.

Scparate days’ samples of P. lecontei from the same sites were combined also, as were

those of P. scptentrionis. These samples were too small for a chi-squared test for

heterogeneity. The test of D. aterrimus samples from Rocky Mountain House showed that
there was some temporal variation in this population. Despite this fact, the two days’
samples were combined. Since D. aterrimus is an outgroup in this study, a small amount of
substructuring within its populations will not seriously affect its use in the analysis of
relationships within Patrobus.

Pooled Sample Hardv-Weinberg Tests

Hardy-Weinberg tests were carried out on resuliing pooled samples, similar to the tests
of unpooled groups described above. Deviations from equilibrium appear in Table 2.4. In
Chain and George populations, these deviations occurred for the same reasons as
deviations in unpooled samples. In all other instances of significant deviation from
cquilibrium, the deviations were present as trends in the unpooled samples, but they were

12
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not significant. It is concluded that the deviations i pooled samples are due to random
factors, not to the pooling of samplcs.

A summary of allele frequencics, with samples pooled as deseribed above, appears in
Table 2.5. Populations containing only single specimens appear in Table 2.6, Details of
individuai genotypes can be obtained from Appendix #4.

2.2.5 Summary

Patrobine populations were sampled for cight clectrophoretic loct: Ao, Apk, Isi-1.
Est-3, Hk, Odh, Pgi, and Pgm. No significant deviation from Hardy-Weinberg cquilibrium
was found within samples. Little significant temporal variation was found between samples
taken over the course of a summer, nor between samples taken over three summers.
Different days' samples were pooled together for cach species, at cach site. Resulting

pooled samples were generally in Hardy-Weinberg cquilibrium.
2.3 Morphological Examination

2.3.1 General Procedures

Morphological data were gathered from both pinned and electrophoresed beetles, which
were identified using Lindroth's (1961, 1974) keys. Identities of intermediate specimens
were checked using clectrophoretic characters discussed in Chapter 3.

When necessary, wings and genitalia were removed after sollening specumens in warm,
soapy water. Genitalia were placed in microvials and re-associated with the pinned
specimens from which they were removed. Wings of pinned specimens were extended and
glued to cards, while those of electrophoresed specimens were permanently mounted on
glass slides.

Several possible differences between P. fossifrons and P. stygicus werce noted by
Darlington (1938), by Lindroth (1961), and by me. These characteristics were observed
and measured through a Wild® MS5 binocuiar microscope. Distances were measured using
an ocular scale, and later converted to millimeters. Specimens were re-cxamined randomly
throughout the course of measuring, to ensurc that obscervations and measurements were
consistently taken for all spccimens. Mcasurements were generally found to be accurate to

within one micrometer unit (240pm @ 25X, and £20um @ SOX). Details arc as follows:

14



POHLL - MSc Thesis
2.3.2 Qualitative Observations

1. Shape of units of elytral microsculpturc. Specimens were observed at 50X
magnification, and coded as 'l' (complciely isodiametric) through 'S’ (completely

transverse) Sce Figure 2.6 for examples of character states *17 and *5”.

2. Shape of the median lobe of male genitalia. Curvature of the tip and development of the
barb ncar the tip was variable. These characters were part of the same trend in vanation; the
barb was larger on specimens with a more curved tp. They were coded as 'l' (straight,
spoonlike, with a very small barb) through '5' (strongly curved and strongly barbed, like a

fish-hook). Sce Figure 2.7 for examples of character states *17 and *5”.

3. Development of the hindwing. Wings were either reduced and useless for flight (coded
as '0", or large ('1'). Size of reduced wings varied, but they were always much smaller
than the clytra. Kavanaugh (1985) concluded that the loss of {lying ability is biologically
the most significant step in wing reduction. In light of this, the variation in amount of

reduction was not explored further.

4. Sccondary sclerotized island at the fold in the hind wing. Approximately two-thirds out
from the wing base, the costa, subcosta, media, and radius veins of beetle wings are
broken. Along thesc breaks, the wing folds transversely, to allow the distal part of the
wing to pivot under the proximal part, and thus fit under the elytra. In this broken region is
a large sclerotized patch which Ward (1979) refers to as the ‘istand’ (I1; Figure 2.8). This
island probably aids in wing folding. Just anterior to it in some specimens is a secondary
island (12; Figurc 2.8). Specimens were coded as '0' (I2 absent) or '1' (Iz present). In
some specimens the secondary istand was deformed, very small, or attached to the primary
sclerotized patch. These conditions were coded as 'd', 't', and 'a', respectively.

Whenever possible, both wings were examined, and the average condition taken.
2.3.3 Quantitative Observations
1. Body size. It was very difficult to measure total body length consistently, due to the
curvature of the elytra and the varying positions of head and thorax. Therefore, length of

pronotum in millimeters, measured along the midline (hereby abbreviated as PLN}), was
sclected as a more reliable size indicator.
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2. Shape of the pronotum. Although pronotal shape appeared to be highly variable
within populations, differences between P. tossifrons and P. stygicus were still apparent.
In a previous study (Pohl, unpublished), no signiticant differences were tound in the taper
of the pronotum (maximum width divided by posterior width).

Difference in pronotal squarcness was explored in detail. A mcasure was desired which
was not too dependent on the previously-examined PLN, vet which would clearly reflect
any differences in pronotum shape. To do this, the largest samples of both macropterous
and brachypterous P. fessifronst, and P. stygicus were selected (P fossitrons (tom Rock
Pond, P. fossifrons from Vancouver 1., and P. stygicus from Cranbrook, respectively).
For these samples, Pearson correlations were calculated scparately for males and females,
for PLN versus cach of the following measures: pronotum width, pronotal length divided
by width, and pronotal width minus length. For all species the maximum width was used
as pronotal width. The 'pronotal width minus length' measure was slightly dependent on
PLN (average Pcarson ccrrelation = 0.142; average n = 34), but it was much less
dependent than 'pronotal width’ or 'pronotal length divided by width' (average Pearson
correlations of 0.740 and -0.422, respectively; average n = 34).

As well, PLN versus pronotal width was plotted for all specimens according to species
(Figure 2.9). Lines were fitted through these points, and compared. This figure provides a
rough indication of the relationship between pronotal length and width. P. stygicus and P.
fossifrons had similar slopes, but different Y-intercepts. The slopes were almost exactly
1.0, so bectles appeared to have a predetermined pronotum shape; their pronota became
cqually longer and wider as they grew larger, rather than growing allometrically. Absolute
squareness would not be a good mecasure to show any difference in Y-intercept, as the
difference would become diluted in larger beetles.

Clearly, based on the Pearson correlations and on the PLN vs. pronotal width plots,
pronotal width minus length (PWL), in millimeters, was the best mcasure of pronotum

shape, so it was used in further analysis.

3. Antenna tip length. This measure was taken as the sum of the Iengths of anternomeres
nine, 10, and 11, measured at 50X magnification. Oricntation of the antennac for
measuring was as 1n Figure 2.10. It was thought that perhaps this mecasurement would be
overly dependent on other measures, particularly overall beetle size. To test for this, the

largest samples of macropterous and brachypterous P. fossifrons and P. stygicus were

1 Both fully-winged and brachypterous Pfs were tested, to account for possible differences between Darlington’s
wing-dimorphic P. fossifrons dimorphicus and short winged P, fossifrons fossifrons subspecies.
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again cxamined. i wo standardized measures were calculated; antenna tip length divided by
PLN, and ant¢ai « tip length divided by pronotal width. The antenna tip length and the twe
standardized measurements were then compared to PLN and PWL. Pearson correlations
were calculated, to test for dependence. All three antenna measurcs were somewhat
dependent on both pronotal measures, but the unstandardized antenna tip length was the
Jcast dependent. (average Pearson correlation = 0.445 for tip length vs. PLN; 0.202 for tip
length vs. PWL; average n = 34). Therefore, unstandardized antenna tip length (ALN), in

millimeters, was sclected for further analysis.

4. Antennomere width. The width of the ninth antennomere was measured at 50X
magnification from its widest perspective, as shown in Figure 2.10. This article vas
sclected because it appears to be the widest segment, and because it is easy to measure.
Again, the largest samples of macropterous and brachypterous P. fossifrons and P.
stygicus were examined for dependence of antennomere width on other measures. For use
as possible standardized measures, the ninth antennomere width was converted to a
squarcness measure (length divided by width), and was also divided by PLN, and by
pronotal width. These three standardized measures and the unstandardized measure were
correlated to PLLN, to PWL, and to ALN. Of thesec, the ninth antennomere squareness
(ASQ) was the lcast dependent, though it was somewhat dependent on ALN (average
Pcarson correlation for ASQ vs. PLN = 0.113, for ASQ vs. PWL = 0.155, and for ASQ
vs. ALN = 0.371; average n = 34).

5. Length of Ry vein of hindwing. On the leading edge of beetle hindwings, distal to the
costal hinge (sensu Hammond 1979), the fused costa, subcosta, and radius form an
cxpanded sclerotized area (SA in Figure 2.8) which helps support the distal part of the
wing when it is folded under the proximal part. Apically, the sclerotized area is extended as
the Ry vein. In Patrobus, the length of this vein varied, so it was measured. To make it

independent of wing size, the length of the Ry vein was calculated as its proportion of the
total length of the sclerotized area, including the Ry vein. In Figure 2.8, the measure is 1-(a
+ b). Whenever possible, this measure was taken on both wings, and averaged. When only

onc wing was available, its measure was uscd. This measurement is abbreviated as R1.

6. Width of the wedge cell on the hind wing. On the hind wings of many beetles, two anal
veins appear to cross over and then reconnect via a cross vein. This forms the wedge cell
(w in Figurc 2.8), between these two anal veins. Both the length and the width of this cell
vary in Patrobus. Because the two anal veins formed a very acute angle at the basal end of
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the wedge cell, the length could not be measured consistently. Measuring the width was
also a problem, but it was done conststently by measuring perpendicutarly from the more
basal, posterior anal vein, to the center of the junction of the cross-veirn and the more
anterior, apical anal vein (¢ in Figure 2.8). To make this mcasurement independent of wing
size, it was divided by a standardizing measurement on a ncarby vein (length of the cubital
vein, between the two cubito-anal cross-veins: d in Figure 2.8). This standardized
measurcment is abbreviated as W. The cross-vein forming the apical side of the wedge cell
was missing from a few specimens. Wedge cells with this condition were coded as 'open'.
Another infrequent occurrence was the complete fusion of the two anal verns which form
the long sides of the wedge ccll. This condition was coded as 'missing'. Whenever
possible, wedge cell measurements were tauken on both wings, and averaged. When only
one wing was available, 1ts mecasurcment was used.

Statistical Comparisons

These six quantitative measurcments were tested for normal distribution. To do this, the
largest samples of macropterous and brachypterous P. fossifrons, and P. stygicus werce
examined, with sexes analysed scparately. Visual examination of these plots indicated that,
for both males and females, the measurements approximated normal distributions. 1tis
concluded that these measurements are in fact normally distributed in Patrobus, so they can
be analyzed by statistical procedures which require such a constraint.

The following populations were sampled more than once over the three years of ficld
collection: P. fossifrons at Pothole, and P. stygicus at Lost Rd., Chain, George, Long, and
Hinton. In an attempt to rule out any temporal effects on these measurements, the different
collection dates of thesc samples were compared via ANOVA, using the Fastat" statistics
program on an Apple® Macintosh Plus® computer.

In all, 76 tests were made, to check all the samples at these sites for all six
measurements. Samples of less than five beetles were excluded. At a 957 confidence
interval, there was only one significant difference between samples at a site. At Chain
Ponds, female P. stygicus tended to become larger over the coursc of the summer (F =
4.734; p = 0.016 that the samples came from the same group). This trend was not scen in
males at Chain Ponds, nor was it seen at any other site. Thus it was concluded that this was
due to random experimental crror, which is predicted to falsely indicate significance in one
out of 20 tests. It is concluded that there is no significant variation from ycar to year in
these measurements, nor is therc any significant variation through the course of a single

summer. This is consistent with the conclusions based on clectrophoretic data, in Scction

18
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2.2, At cach of these multiply-sampled sites, the samples were pooled together for further
analysis.

Males and females of the large samples used above were compared by ANOVA, using
2 957 confidence interval, to test for sexual differences. Because all three populations
showed significant sexual dimorphism in PWL and ALN, and at least onc of the
populations showed significant differences in PLN and ASQ, the sexes were Kept separate
{or these four measurements. No sexual differences were found in the wing measurements

R1 or W, so sexes were pooled for these.
2.3.4 Swaummary

Four qualitative mcasurements (microsculpture, median lobe shape, wing development,
and sccondary sclerotized island on the wing) and six quantitalive measurements (PLN,
PWL, ALN, ASQ, R1, and W) werc made on P. fossifrons and P. stygicus specimens.
Actual measurements (before any standardization) appear in Appendix #5. All quantitative
measurements approximated normal distributions. No temporal variation within sites was

found over the course ¢f a single year, nor between different years.
2.4 Ecolegical Data

In southwestern Alberta, P. fossifrons and P. stygicus are generally parapatric in
distribution, but there is a narrow zone of sympatry. To determine whether the two species
have different habitat requirements, the ponds at which P. fossifrons and P. stygicus were
collected were examined for differences. Notes were taken about the vegetation and general
characteristics of all of the Patrobus sites visited by me. This information appears at

appropriate points throughout the text.

2.5 Summary

Samples of the Patrobus species P. fossifrons, P. stvgicus, P. lecontei, P. longicornis,

P. foveocollis, P. scptentrionis, and P. atrorufus, as well as the Diplous species D..

aterrimus and D. californicus, were examined for eight electrophoretic loci (Ao, Apk,
Isi-1, Est-3, Hk, Odh, Pgi, and Pgm), for four qualitative measurements (microsculpture,
median lobe shape, wing development, and secondary sclerotized island on the wing) and
for six quantitative measuremenits (PLN, PWL, ALN, ASQ, R1, and W). Notes were also

made of ecological characteristics of the collection sites.
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Little significant temporal vartation was found between samples collected over the
coursc of a single summer, nor between three vears' samples, so different davs' samples
were pooled for {urther analysis. These pooled samples were generally in Hardy-Weinberg

cquilibrium for the clectrophoretic characters.
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Table 2.1: Enzymc abbreviations and stain recipe references. EC numbers (in brackets)

from Nomenclature Commitice of the International Union of Biochemistry (1984).

ENZYME ABBREVIATION REFERENCE

aldchyde oxidasc AO (1.2.3.1) Rolseth & Gooding 1978
argininc phosphokinasc APK (2.7.3.3) Gooding & Rolscth 1979
esterascs EST (3.1.1.2) Brewer 1970

hexokinase HK (2.7.1.1) Brewer 1970

octanol dehydrogenasc ODH (1.1.1.73) Ayala er al. 1972
phosphoglucose isomerase PGI (5.3.1.9) Shaw & Prasad 1970
‘phosphoglucomutasc PGM (2.7.5.1) Shaw & Prasad 1970

Table 2.2: Cases of Hardy-Weinberg disequilibrium in electrophoretic data. %2 = chi-

squared value, df = degrees of freedom, and p = probability that the sample conforms 1o

Hardy-Weinberg cquilibrium.

SPECIES &
POPULATION LOCUS 2 df p reason for disequilibrium
Patrobus fossifrons
Rock A0 7.267 1 .007 homozygote of rare allele G
Rock Pgm 12.025 3 .007 homozygote of rare allele I
Temn Pgm .027*  homozygote of rare allele A
Wauconda Odh 041*  deficiency of FH heterozygotes
Pssmicus © T I SO sttt . £
Chain (VIII-22-89) [fis1-3 011*  deficiency of JL heterozygotes
George (VII-06-89) Pgi 9.144 3 .027 heterozygote of rarc alleles B & 1
Lynch (VII-01-89)  [st-1 021*  deficiency of AB & AF heterozygotes
Dinlous californicus o AU e A e T e
Similkameen Ist-1 5916 1 .015 deficiency of CG heterozygotes

sindicates a Fisher exact probabilities significance test
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Table 2.3: Chi-squarcd-tests of clectrophoretic data for heterogenerty among ditterent
days’ samples. 2 = chi-squared value, df = degrees of freedom, and p = the probatahiny

that the sampiecs arc homogencous.

SPECIES AND LOCALITY e dr p
Patrobus fossifrons Lynch R.722 5 12070
P. stygicus Chain 31.136 22 (337
P. stygicus George 12.734 14 9>p>.5"
P. stygicus Hinton 19.542 10 L03390
P. stvgicus Long 19.109 1% Ssp>. 1t
P. stygicus Lost Rd. 9.303 12 L6T76R3
Diplous aterrimus Rocky Mt House 29.235 14 0971

*Some collection dates at sites George and Long were not sampled tor all Tocr, so tests at difesent loa imvobve
different samples. Final p values are calculated manually over all locr, and compared to vadues i o statistical tible

Table 2.4: Poolcd samples not conforming to Hardy-Weinberg cquilibrium. %2 = chi-
squared value, df = degrees of frcedom, and p = the probability that the sample conforms
to Hardy-Weinberg equilibrium.

POPULATION LOCUS %2 df p rcason for discquihbrium
Patrobus stvgicus

Chain Ist-3 7.954 3 .047 deficiency of JL. heterozygotes
George Pgi 15724 3 .001 heterozygote of rare alleles B & |
Hinton Pgi 11.778 3 .008 heicrozygote of rare alicles B & i
Long Est-1 11.026 3 .012 deficiency of AB heterozygotes
Long Ist-3 12608 3 .006 heterozygote of rare alleles G & 1.

Diplous aterrimus
Rocky Mt. House  [isi-/ 9.657

w
—
Nl
19
19

deficicney of BD heterozygotes
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Table 2.6: Genotypes of single-specimen samples of Patrobus and Diplous. Refer 1o

Table 2.5 for Ri values of allcles.

Species/Population Ao Apk  Est-1  [2s1-3 Hk Qdh Pgi Pgm
P. fossifrons
Deep GG CcCC EE KK FF FH BE DI
Manning GG BB EE IK FF HH BB |
Pothole FF ccC CE KM FF HH BB DD
Train G c¢c c¢cc L. FF FH EE DI
P. stygicus
Antcnna EE CcC AA JL FF GG EE DD
~ Blakiston EE CC AA JL FF GG EE DD
P. fossifrons/
stygicus hybrid
Wauconda EG ccC FF KL FF FF EE I
P. lccontci ' '
Bennett FF ccC AA BB GG HH CE FF
Curlew FF CccC AA BB GG HH CE FF
Gceorge FF ccC AA BB GG HH ccC FF
Pecten FF ccC AC BB GG HH ccC FF
Tern FF ccC FF BB GG HH ccC FF
P. foveocollis . : e BPR 1P s =
Hinton EE bbD FF BB GG CccC BB AA
Long EE ccC - - BB GG CD BB AA
D. atcrrimus '
Oldman CU AA DD DH BB KK HH EH




O P fossifrons site
O P, stvgigus site

0 200 400 600
kKilometers

Figure 2.1: Collection sites of Patrobus fossifrons and P. stvegicus in western North

America.

30




AYINOS PUE BIQUIRJOZ 4TI WIdISLaYInos ul SRITFATS d pue SUOIJISSO] Snqolied Jo Salls uonoa|[o) 77 Andiy

"eHq]Y WAIS?
)
VNYLNOW U | WU NS S B o
.|ﬂmmm$|.| ...l.w-.l.i||.-..l - YIBANN10D HSILIYE T 7
,I
Quostyelg E:\m“._luy
\
C
SoA
EF;O\IlOQovO
saupsep O J
0 Y2313 Jausuid
Ax\l(ﬂ ono.:u:n._u
\
1SaUsH0IY O )
0 >louiog o . )
PETLRYS \ AR50
\.
(
)
(
}
/
) (
p
a; sJarowojiy
) b 0 0
I ¥ v L L4 1
.., g ours]
. NS SWBAT d o
|
M eIqu N s s u uqm o
S { >

31



AO

ODH

Figure 2.3: Examples of electrophoretic gels stained for AO, ODH, and EST. AO and
ODH bands are on a 7% pH 8.2 gel, and EST bands are on a 9% ph 8.9 gel. Migraton
was from top (cathode) to bottom (anode), from 10 slots containing Patrobus stygicus
homogenates. Becetle genotypes were interpreted as follows: Ao - all B Odh (Ieft 1o
right) - GG. GJ. GG, GG, GG, GG. GG, GG, GG, GG: Fs7 [ (lelt o nghty - AAAA,
AB, AA, AF, AA, AA, AB, AB, AF.

APK

PG

Figure 2.4: Examples of electrophoretic gels stained for APK and PGlL. APK bands arc
on a 9% pH 8.9 gel, and PGI bands are on cellulose acetate overlaid on a 7% pH 8.2 gel.
Migration was from top (cathode) to bottom (anode), with scven slots on the left containing

Patrobus fossifrons, and three slots on the right containing P. stygicus homogenate.

Genotypes were interpreted as follows, from left to nght: Apk - CC, CC, CC, CC, CC,
CC, BB, CC, CC, CC; Pgi - BB, BB, EE, EE, BE, EE, BB, EE, ELE, EE.
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Figurc 2.5: Examples of electrophoretic gels stained for EST, HK, and PGM. EST
bands are on a 7% pH 8.9 gel, and HK and PGM bands arc on cellulose acctate overlays,
from a 9% pH 89 gel, and a 7% pH 8.2 gel, repectively. Migration was from top

(cathode) to bottom (anode). From left to right, sample slots contained Diplous aterrimus

(slots 1-3); Patrobus septentrionis (slot 4); P. stygicus (slots 5-6); P. septentrionis (slot 7);

and P. fossifrons (slots 8-10). Genotypes were interpreted as follows, from left to right:
Fs1-3 - HH, HH, DH, BB, JJ, JJ, BB, KK, KK KM; Hk - BB, BB, BB, FF, FF, FF,
FF, FF, FF, FF;, Pgm - EJ, EJ, EH, CC, EG, unknown, CC, EE, EE, EE.

Figurc 2.6: Elytral microsculpture micrographs. Left: isodiametric microsculpture of

Patrobus fossifrons (character state “17); right: transversc microsculpture of P.stvgicus

(character state *57).

W
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Figure 2.7: Penis apices (right side view) of; A, Patrobus [ussifrons (character state
‘1"), and B, P. stvgicus (character state ‘5’). Approximately 30X magnification. Based on
figures in Lindroth (1961).

Figure 2.8: Wing of Patrobus fossifrons, showing measurements taken. I = primary

sclerotized island; I3 = secondary sclerotized island; SA = sclerotized area on fused costa,
subcosta, and radius; R = first branch of radial vein; @ and » = measurements made to
calculate the relative length of R1; W = wedge cell; and ¢ and d are measurements made to
calculate the relative width of W.
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Figure 2.9: Pronotal length (PLN) versus pronotal width (PWD) for all Patrobus
fossifrons and P. stvgicus specimens. Error curves on lines represent 95% confidence

intervals.

Figurc 2.10: Tip of antenna of Patrobus fossifrons, anterior aspect, showing
mecasurements taken. SL, 10L, and 11L = lengths of antennomeres nine, 10, and 11;9W =

width of antennomere nine.
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3. EVALUATION OF SPECIES AND MORPIIS
3.1 Introduction

In preparation for this study, samples of P. fossifrons (PIs) and P. stygicus (Pst) were
obtained from 37 sites. Most of these sites were occupied by only one of the two species,
However, at Cypress Hiils, Alberta, Pincher Creck, Alberta, and Wauconda, Washington,
both species were found. To examine these sites of sympatric occurrence. the
characteristics of Pfs and Pst in allopatry must be known. To obtain this informaton, the

sites where Pfs or Pst occur in allopatry are analyzed and compared here.
3.2 Data Examined

Population samples were examined for qualitative and quantitative morphological
characters, and clectrophoretic and ccological characters. All aliopatric samples were
collected at least 25km from any known rccord of the other species, and were distributed
from Alaska, south and cast through British Columbia and Alberta, into Washington,
Idaho, and Montana. They have been arranged in a generally northwest to southeast order
in the following tables and tigures.

Table 3.1 lists qualitative morphological charactenstics. Character stales were not
constant within populations, so the average character state for cach population has been
calculated here. For character Iz, individuals with tiny, deformed, or attached sccondary
sclerotized islands were considercd to be intermediate between condittons '0" and 1" tor
these calculations. Refer to Section 2.3.2 for details of the measurement of this and othes
characters.

The quantitative characters, depicted as diagrams based on the method of Hubbs and
Hubbs (1953), appear in Figures 2.1 10 3.10. In these plots, cach character is depicted by a
scries of lines and boxes. The horizontal line indicates the range ol mecasurcments, and the
vertical line indicates the mean. For sampies of ten or more specimens, an outlined box
indicates 1.5 standard deviations to cach side of the mean, and a shaded box indicates two
standard errors o either side of the mean. The number ol individuals in cach samplc 1s
indicated in brackets. The standard error boxes meusure the certainty of means. According
to Hubbs and Hubbs, if these boxes do net overlap, or overlap only slightly, then a
biologically-significant difference exists between the populations being compared. This 1s
the criterion used in this study to determine significance of differences between

populations. The standard deviation boxes measure the dispersion about the mean, and are
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not affected by sample size, except in very small samples. If these boxes do not overlap,
then there i at least 93% separation between populations. This is generally thought to
approximatc the level of difference between subspecics (Mayr 1969; p. 189-193), though a
standard level of difference between subspecies i1s not universally agreed upon.

Some population samples were analyzed for clectrophorctic characters as well.
Elcctrophoretic data appear in Tables 2.5 and 2.6. For samples with at least five
individuals, Nei's genctic identity mecasures have been calculated between all possible pairs
of populations (Table 3.2). Nei's (1972) original identity measure is biased with smatl
sample sizes, so Nei'’s (1978) unbiascd identities, which correct for small sample size, are

uscd here:

(3.1] D = _In[—2Xy }

v Iy

where D = Nei's unbiased distance, and Jxvy, Jx, and Jyarc the means over all loct of
IX;Yi, (2NXxZX;2-1)/(2Ng-1), and (’.ZNYZYiZ-l)/(?_Ny—l), respectively (Nx and Ny are the
sample sizes, and Xj and Y;j are the frequencies of alleles i, in populations X and Y). A
more detailed theoretical discussion of this and other distance measures appears in Chapter
6.

3.3 Results
3.3.1 Character States of Allopatric Stocks of P. stygicus

Qualitative Morphological Characters

All of the allopatric Pst populations had at least partly transverse microsculpture, and
males had markedly fish-hook shaped median lobes. Samples examined for wing
characters were entirely macroptercous, and had a very low presence of the secondary

sclerotized island.

Quantitative Morphological Characters

Pst pronota were highly consistent for both length (PLN; Figures 3.1 and 3.2) and
width minus length (PWL; Figures 3.3 and 3.4). No single population was significantly
different from all the others. For antennal segment length (ALN; Figures 3.5 and 3.6), all
the populations were very similar, except for Circle, Alaska, for which the males and

females had significantly smaller values. This is not due to overall body size, since they
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were not the smallest beetles. Regarding antennal segment squareness (ASQ: Figures 3.7
and 3.8), the northern Circle and Williams Luake populations were the least elongate, while
the central Albertan sites at Long Lake, George Lake, and Hinton were the most clongate.
The relative length of the Ry wing vein (R1; Figure 3.9) and the relative width of the wedge
cell (W Figure 3.10) both tended to decrease with latitude. Though the latter two characters
were quite variable over the entire geographical range of Pst sites, at individual sites they
were more constant. As will be seen in the next chapter, they can be useful to wdentify
populations of Pst.

Overall, the allopatric Pst were very similar morphclogically, except for shight
differences in ALN and ASQ.

Electrophoretic Characters

Electrophoretic data also show that allopatric Pst arc very closcly related; Nei's
unbiased genetic identities for the i'our electrophoresed samples ranged from 0.997 1o 1.0
(Table 3.2).

Ecological Characteristics

Littie 1s known of the collection sites of the pinned Pst specimens collected prior to
1980. The specimens from Circle, Alaska bear the label "Carex marsh”. Today, Columbia
Lake is a large open body of water, bul the south end, where these specimens were

collected, has cxtensive arcas of still water and large patches of Scirpus and Typha. Island

Pond, between Kimberley and Canal Flats, persists as a woodland pond, but it is currently
used by cattle as a watering hole. No vegetation is present around its perimeler, and few
carabids live at its edge. (Incidentally, cattle were the major hindrance o collecting samples
during this study. Heavy cattle use devastates the habitat of Patrobus and many other
carabids, and poscs a scrious threat to their survival.)

Long Lake pond is a permancnt Carex/Salix marsh in a mixed aspen/spruce forest.
George Lake is a large body of water in aspen parkland, with extensive Carex/Salix patches
at the west end. Hinton Pond is a small, permanent Carex/moss pond in sprucc forest.
Chain Ponds is a string of beaverponds at 1480m in the Livingstone Range. It is a
Carex/Salix marsh in willow/aspen parkland. The Blakiston site is an oxbow on Blakiston
Creek, 1n Waterton Park. It is a clear, cold trout stream in a mixed aspen/boreal forest. The

oxbow is full of Carex and Salix. Nothing is known of the ccological characteristics of the

remaining allopatric Pst sites.
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3.3.2 Character States of Allopatric Stocks of P. fossifrons

Gualitative Morphological Characters

Except for the individual collected at Deep :ond, all the Pfs had completely or almost
completely isodiametric microsculpture (Table 7 ). Atl males had median lobes that were
spoon-shaped, with very small barbs. Tlindwing development and presence of the

sclerotized island on the wing varied.

Quantitative Morphological Characiers

All allopatric Pis had similar measurements for PWL (Figures 3.3 and 3.4), c1d W
{Figure 3.10). R1 (Figurc 3.9) was also consistent, except for the Manning and Creston
SPCCICnS.

in females, the characters PLN (Figure 3.1) and ALN (Figure 3.5) grouped the Kodiak
Isiand, Vancouver Island, Manning, St. Mary, and Crowsnest popuiations as significantly
different from the Curlew, Pothole, Del Bonita, Beaver, and Arco populations. In males,
this trend distinguishing more northwestern specimens from more southeastern oncs was
loss obvious; the Train specimen was intermediate between the two groups for PLN
(Figure 3.2), and the Beaver und Arco specimens were intermediate for ALN (Figure 3.6).
For ASQ (Figures 3.7 and 3.8), more northwestern beetles werc again different from more

southeastern ones, with Train, Beaver, and Arco specimens somewhat intermediate.

Flectrophoretic Characters

Elcctrophoretic data are available for only one allopatric Pfs sample having at least five
individuals. Pairwisc distance and identity measures thus could not be calculated.
However, the ailele frequencics of this and the smaller samples (Tables 2.5 and 2.6)
provide some idca of the relationships within the taxon.

The tixed difterence at the Ao locus groups Deep, Train, and Manning as distinct from
Pothole and Curlew. The Manning bectle had unique alleles at Apa and Est-3, setting it
apart trem Deep and Train. The Train individual was fixed for allele L at Esz-3, indicating
that it is somewhat isolated from other Pfs as well. At the other loci, there were no clear
differences, duc largely 1o the small amount of data collected from Pfs west of the Rocky

Mountains.
toeological Characteristics
Although some of the muscum specimens of Pfs were from crecks or unknown types

of habitat, alt the Pfs that I collecred were from pond margins. This does not agree with
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Darlington (1938}. He found Pfs to be less hyvgrophilous, and to be associated with rivers
rather than ponds. During my collecting, T visited both tyvpes of sites but T tound Pls at
marshes only. This may be an artifact of the types of sites Darfington collected, or perips
Pfs prefers river habitats in the Pacific Northwest, where he did much of is collecting (and
where, incidentally, I found very few Pfs).

The Kodiak Island population sample includes specimens collecied between 1958 and
1962 at several marshes, creeks, and meadows, The Vancouver istand specimens cane
from Elk Lake and Beaver Lake (two attached lakes near Victoria: coliected in 1955) and
from Duncan (collected in 1958). T found no beetles when | visited the arca in 1989, At that
time, the Elk Lake and Bea. o [LaKe sites contained very coarse sedge clumps, quite unbike
mainland Patrobus sites. Manv poads of this nature also existed 1in the Duncan arca in

1989, none ¢: which vv " ied occiles then. The Manning site, where only one becetle was

found, was « serics © nw i arcas along a mountain stream. The Carex there was very
tall and uncluraped. . - on speeirnen was collected in 1958, [n 1988 and 19%9 there

were exiensive marshy u:cas around Creston containing very wll Carex, both in clumpsand
evenly distributcd. No beetles were feund there in those yeurs. Deep Pond also contaned
tail Carex. in deep water. The nearby Train Pond had much finer Carex, unclumped in a
wet meadow. The St. Mary site (St. Mary’s Lake) is a widening of the St. Mary River. It
has sedge fields at the west end, but clumps have not formed because the water level s
highly unstable. The specimens examined here were collected 1n 1955, No beetles were
found there in 1988 or 1989. The Crowsnest sitc 1s a widening of the Crowsnest River
ncar Crowsnest Lake, just ecast of the continental divide. The Crowsnest specimens were
coliected in 1955 and 1956. Today it has extensive Carex clumps and Typha. No bectles
were found there in 1986 through 1989. Curlew and Pothole are dammaead pratrie gulches
on the southeast slopes of the Porcupine Hills. Therc are no large trees at these sites. Biosth
have sedge clumps and pondweed mats along their margins. The Del Bonita spectmen s
labelled “margin of prairic slough”. The town of Del Bonita is on the trecless pratrie, so

there were probably no trees at this site. Nothing is known of the Beaver and Arco sites.
3.4 Discussion
3.4.1 P. fossifrons Populations
There are <iearly differences between somic of the Pt's populations, although different
chara-sers suggest slightlv different groupings. The morphological characters PLN, ALLN,

and ASQ suggest that the Kodiak Island, Vancouver Island, Manning, St. Mary, and
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Crowsnest popalaiions be grouped together, and that the Curlew, Pothole, and Del Bonit
populations be grouped together. The Train, Beaver, and Arco populations are somewhere
in between these groups. The clectrophoretic data suggest that Curlew and Pothole are
somewhat distinct from Manning, Deep, and Train. Specimens from the latter three sites
may be clectrophorcacally distinet from cach other as well.

Ecological data are sketchy, but one trend is that the more western ponds have coarser
sedge. If this indicates a habitat difference which somehow divides Pfs into two morphs,
then the boundary between the groups would extend from the northwest to the southeast,
between Deep Pond and Train Pond. However, much of these data could well be
inaccurate, since thev arc based on descriptions of ponds at which Pfs has not been found
for many years. The very lack of current populations at some of these sites indicates that
the habitats are unsuitabl: today. Perhaps ecological shifts which allowed the coarse scdge
to move in also forced Pfs into local extinction. For this reason, little weight can be placed
on this ccological information.

A clearer ccological trend is that northwestern sites are in damp boreal forests, while
thosc in the southeast are in drier parkland and prairie habitats. These characteristics are
much morc stable than such things as the sedge species present, so they are unlikely to
have changed in the past 50 years. Theretore, this is a trend which is more certain than the
sedge coarsencss. In general it supports the groupings indicated by morphological and
clectrophoretic data; the northwest populations live in boreal habitat, while those in the
south and cast live in parkland and prairie. This suggests a division grouping Kodiak
Island, Vancouver Island, Manning, Creston, St. Mary, and Crowsnest versus Curlew and

Pothole, based on the general forest vegetation or lack thereof.

'‘Inland' and 'Coastal' Morphs of P, fossifrons

When all characters are taken into consideration, it is clear that Curlew, Pothole, Del
Bonita, Beaver, and Arco are distinct from the others. Together, these arc the ‘inland’
morph of Pls (hereby abbreviated as Pfs-1). The rest of the Pfs populations comprisc the
‘coastal” morph of Pfs (Pfs-¢). As summarized in Table 3.3, Pfs-i have longer pronota,
longer antennal tips, and relatively more elongate antennal segments than Pfs-c. The latier
two differences are illustrated in Figure 3.12. Pfs-i are also fixed for Ao allele F rather than
G, predominant in [s1-3 alicles K and M rather than 1, K, and L, and predominant in Pgm
allele D rather than 1.

The Beaver and Arco populations, though closer to Pis-i, exhibit some Pfs-c
characteristics (lower incidence of macroptery, lower presence of the secondary sclerotized

island, and intermediate measurements tor ALN and ASQ). These populations may be
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mixed stocks of Pfs-¢ and Pfs-i, due to possible gene flow in the Tdaho-NMontana area
However, without electrophoretic or genctic analysis, this cannot be tested, so they aie
considered to be Pfs-1, to which they are closer morphologically.

The Train specimen, though closer to Pfs-¢ than Pis-i. also exhibits some
characteristics of both morphs. Its measurcments for PLN and ALN are closer o states ot
Pfs-1 than Pfs-c, and it is homozygous for Ios7-f allele C, which was not seen in the other
two electrophoresed specimens of Pfs-c¢, but which was scen in Prs-i. This suggests that
gene flow between Pfs-1 and Pfs-¢ may also be occurring in south-central British
Columbia.

The clectrophoretic data suggest that the Manning, Decep, anld Tramn specimens are
somewhat distinct from each other. This may be an artifact of the small sample sizes, i
conjunction with the gene flow suggested above, or it may indicate that Pfs-c¢ is further
subdivided. A subdivision in the arca of Deep and Train Ponds is supported by ccological
data: Vancouver Island, Manning, Creston, and Deep sites appear to contiin coarse sedge,
while Train, St. Mary, and Crowsnest arc sites with finer sedge. Untl clectrophoreuc data
can be gathered from more specimens to fully explore this possible subdivision, 1t wili not
be recognized. These populations are clearly closer 1o cach other than o Pls-i, so at this
point they arc considered to be Pts-c.

Comparison of Pfs-i and Pfs-c 1o Darlington's subspecies of 2. " s
Because the division between Pfs-i and Pfs-cis unclear, 2: 5 ... v jact be permeable,
these morphs are not recognized taxonomically as subsp <~ 2cy do not correspond

exactly to Darlington's (1938) P. fossifrons dimerphicus anc - * sssifrons fossifrons. His

P. fossifrons fossifrons (type locality Uralaska Island) referred only to specimens from the

Bering Sca islands and Kodiak Island, while P. fossifrons dimorphicus (type focality near

Victoria, B.C.) rcferred to all others now known as the species Pfs. In other work,
Darlington (1936) found that brachyptery was correlated with stable habitats, and that
macroptery was correlated with temporary habitats. Therefore, he thought that in Pfs these
different wing states were indicative of ccological differences. However, he found no other

concrete differences between P. fossifrons dimorphicus and P. fossifrons fossifrons, so

his division was based cntirely on the wing character. Since brachyptery has been shown to
be phenotypicaily dominant over macroptery in carabids (Lindroth 1946, Den Bocr er al.
1980), i1t 1s possible for brachypterous carabid populations to have small amounts of
macropterous genes which are not expressed. Thus the difterence between brachypterous
and dimorphic populations could be merely a difference 1n the frequency of alleles at a

single genc. This is not enough of a difference o deseribe separate subspecices.
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In contrast, I have split Pfs populations much farther south and cast, grouping all
British Columbia populations, except those from the extreme southeast, with Darlington's

P. fossifrons fossifrons. Even if the subdivision oi my Pfs-¢ could be specified, the

groupings would not correspond to Darlington’s subspecies. I have clearly shown that the
Vancouver Island population, and probably some mainland populations, arc similar to the

Kodiak Island population. Darlington's P. fossifrons dimorphicus is consubspecific with

Pfs-c, since its type locality is within the range of Pfs-c. My groupings are more reliable,
since they arc based on several morphological and clectrophoretic characters, not just on
onc trait.

Pfs has a ‘coast-centerced' distribution, which is scen in other insects as well
(Kavanaugh 1988). The range of Pfs-c¢ is along the Pacific coast, from Alaska to
California, and extends inland in southern Canada as far as the Crowsnest Pass. Pis-1 lives
in south-central British Columbia, Idaho, Montana, and southern Alberta, ranging as far

cast as the Cypress Hills.

Biogeographical Analvsis of P. fossifrons Morphs

These different morphs are clearly descendants of some past isolation event. I estimate
a timc of divergence at onc to three million years ago, based on the age of other carabid
taxa, and on the degree of cic - phoretic differences between morphs (see Chapter 6 for
details). Within this time framc, the Nebraskan glaciation, the first glaciation of the
Quatemary Period, is the most likely event to have originally isolated the inland and coastal
maorphs of Pfs. This would put the date of divergence at about 1.5 million years ago. When
the ice sheet advanced, the original range of Pfs was broken, and populations survived in
refugia at the edges of the ice. During the thousands of years that the survivors were
scparated, they diverged both genctically and morphologically, to become the separate
morphs of today.

It is not known where these original Pfs-1 and Pfs-c refugia were located, becausc
current distributions reflect only the most recent glaciation, the Wisconsinian, which ended
10,000 years ago. Locations of refugia from this later glaciation can be inferred from wing
length information. Lindroth (1979) proposed that, in wing-dimorphic species,
brachypterous populations represent old centers of distribution. Since macropterous
individuals would do most of the colonizing from these old sites, newer sites would hav
higher levels of macroptery. Therefore, probable routes of dispersal from refugia can be
traced 1n the direction of increasing macroptery.

Pfs-1 shows a clear trend of increasing macroptery in more northern populations, with

complete macroptery north of 49° latitude. The Cypress Hills specimens arc completely
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macropterous, whercas the Beaver and Arco populations are partly brachypterous. Thus
Pis-1 appears not o have aken refuge in the Cypress Hills, which are thought 1o have
remained ice-free during the last glaciation (Breitung 19534, Campbell and Peck 1O90).
Instead, all Pfs-i beetles appear to have Jdescended from a population south of the ice
sheets, perhaps in the vicinitz of the Beay er (Montana) and Arco (Idaho) populations.

Kodiak Island has also been explored as a likely ice-free refuge during the fast
glaciation (Karlstrom and Ball, ¢ditors, 1969). Possibly ancestors of present-day Pfs-¢
migrated south along the coastal islunds to Vancouver Island, and then migrated inland to
occupy prescnt-day sites. This hypothesis 1s supported by levels of brachyptery: Kodiak
Island specimens were all brachypterous, the Vancouver Island sample contained 3.9
macropterous becetles, and the Manning and Creston specimens were macroplerous.,

The origin of Pfs-c in castern British Columbia is somewhat contentious. It beeties in
this arca arc descended from Kodiak Island refugium stock, they ought to have high levels
of macroptery, like the Manning and Creston specimens. However, Deep, Train. St Mary,
and Crowsnest beetles are all brachypterous. This suggests that another refugium existed
ncar these localities in southcastern British Columbia. This region 1s thought to have been
complectely covered by i1ce during the Wisconsinian glaciation (Matthews 1979b), so the
refugium would likely have been located in Washington or 1daho, just south of the
Wisconsinian ice sheet. Present-day populations of Pis-¢ in castern British Columbia
would thus be descended from individuals which migrated north as the ice receded.

Presence of a southern refugium is supported by Kavanaugh's (1988) study of the
carabid genus Nebria. He found that present-day continental populations were descended
primarily from southern, rather than coastal refugia, probably because coast-adapted
populations were outcompeled 1n continental ecnvironments. Similarly, 1sland populations
of Pfs-¢ may have becen outcompeted by southern migrants in the colontzation of newly-
exposcd mainland habitats.

This evidence that an inland refugium cxisted for Pfs-c¢ supports the hypothesis that
Pfs-c i1s subdivided into two groups. Such subdivision of Pis-¢ would have occurred more
recently than the separation of the coastal and inland forms of Pfs. Aguain, further work on
larger populations is necessary 0 ully understand the substructuring within the Pfs-c

taxon, so at present nothing more can be inferred.
3.4.2 P. stygicus Populations

All sampled allopatric populations of Pst were clectrophorctically and morphologically

very similar. Ecologically, these populations were similar as well. Al allopatric Pst sites
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for which ccological descriptions were known had Carex and Salix around their margins.

Pt lives in the Carex clumps, and around the willow roots, so obviously these plants arc

crucial components of their habitat. These ponds occur in mixed boreal and parkland
forests. This concurs with the results of Carter (1971), who studied the ccological aspects

of Pst and other Patrobus species at George Lake. He found that Salix, Carex aquatilis

Wahlenb., and C. rostrata Stokes dominated Pst habitat there.

The similarity of electrophoretic, morphological and ccological characters indicates that
these populations arc closely related evolutionarily, and clearly form a homogencous entity.
Unlike Pfs, all known Pst individuals arc macropterous. As a resuli, the specics is more
vagile, which may be the rcason no substructuring was found in Pst, despite its exiensive
range.

The range of Pst extends across Canada cast of the Pacific coast, and south into
Washington and the Rocky Mountain states. This distribution pattern has been scen in
many other insccts (Munroe 1956), and is typical of organisms adapted to a borcal

cnvironment.

3.4.3 Comparison of P. stygicus to P. fossifrons

Pst and the two morphs of Pfs differ in the shape of their elviral microsculpture, and in
the shape of the median lobe of males. These characteristics arc depicted in the previous
chapter (Figures 2.7 and 2.8). Elytral microsculpturc is the characteristic used in
Darlington's (1938) and Lindroth's (1961) keys to distinguish these species. Most
specimens have clearly isodiametric or clearly transverse microsculpture. Pfs-c is slightly
larger, and Pfs-i is considerably larger, based on pronotal length, than Pst. Both morphs of
Pfs also have relatively wider pronota, based on pronotal width minus length, than Pst.
These pronotal differences arc illustrated in Figure 3.11. Pfs-i have longer antennal tips,
but Pfs-¢ have tips of about the same size as Pst. Pfs-c have less elongate antennal
scgments than Pst. Pfs-1 anlennomceres varied from less clongate, to as elongate as those of
Pst. Typical antenna tips of the species and morphs appear in Figure 3.12. Both morphs of
Pfs have relatively shorter Ry wing veins, and relatively wider wing wedge cells, than Pst
(Figure 3.13). Because of their geographical variation, the latter two characters do not help
much to distinguish Pfs and Pst in allopatry. However, they were useful in analysis of
SYMPpatric arcas.

None of the differences noted above are absolute; some specimens are within the range
of both species for any of these characters. Thus, one must usc several characters to

identify intermediate specimens, The elytral microsculpture, male median lobes, and PWL
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arc uscful characters to scparate most Pfs from Pst. As well, ALN and ASQ, examined 1in
conjunction, independently separate the two Pls morphs from Pst. In conjunction with
fixed clectrophoretic difterences at Ao, I-s1-1, and Odh, these characters separated ali of the
allopatric specimens.

Thorpe (1979, 1983) reported that inscct species 1n the same genus typically have Ner's
genetic identities of 0.25 to 0.85. The values for Curlew, the only large allopatrie Pis
population sample which was studied clectrophoretically, when compared to the allopatrie
Pst population samples Chain, George, Long, and Hinton (Tuable 3.2) were all within this
range. Thorpe also reporied that populations within the same species tended to have genecuc
identities of 0.9 or greater. The values for Curlew Pfs-i, compared to Pst populations, arc
well below that, indicating that Pf's and Pst are quite distinet.

The morphological and genetic differences suggest that Pis and Pst have been isolated
for quite some ttme. They probabiy diverged some time in the Miocene (five to 20 nulhon
years ago), when major environmental changes were occurring in North America. This put
great evolutionary pressure o. organisms there, and is thought to be responsible tor the
origin of many cxtant inscct species (Matthews 1980). These changes wre probably

responsiblc for the divergence of Pfs and Pst as well.
3.5 Summary

Two morphs of Pis are described, Pis-i and Pfs-c. Pls-¢ may be divided further, but
numbers of spccimens were inadequate for full exploration of this possibility. These
morphs are hypothesized to have diverged during the Nebraskan glaciation, 1.5 million
years ago. More recently, Pfs-1 appcar to have recolonized northern North America from a
glacial refugium south of the ice sheets, rather than from the Cypress Hills. The most
recent refugia for Pfs-¢ are hypothesized to have existed south of the ice sheets, and on
Kodiak Island.

All allopatric populations of Pst were very similar morphologically, gencucally, and
ccologically. The greater homogencity of Pst may be because all individuals are long-
winged, unlike Pfs. Thus the species is more vagile, and populations arc less hikely to be
isolated from one another.

Morphological, clectrophoretic, and ecological differences between Pst and the vweo
morphs of Pfs arc summarized in Table 3.3. In allopatry, Pst and Pfs arc quite distinct.
Though no single character can be used to distinguish thesc taxa, they can be scparated by
using scveral characters. The allopatric populations are pooled i these three taxa, for
comparison to sympatric populations of the Pfs/Pst complex.
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Table 3.1: Qualitative morphological characters of allopatric populations. Numbers are
character state ranges; averages of variable populations are in brackets. Elytral
microsculpture is coded as 1" (isodiametric) through 'S' (transverse): m~dian lobes of
males are coded as '1' (spoon shaped) through 'S' (fish-hook shaped): .ag development
is coded as (0 (brachypterous) or ‘17 (macropterous); and the sccondary sclerotized island
is coded as absent (‘07), present (*17), or present but attached, deformed, or tiny (‘a’, ‘d’,
and ‘U, respectively). 'na’ indicates where characters were not applicable, and 'ns'

indicates where characters were not scored.

SECONDARY
SPECIHES 7 MiCRO- MEDIAN WING SCILEROTIZED
POPULATION SCULPTURE 1.OBL: DEVELOPMENT ISI.AND
>atrobus fossifrons:
Kodiak 1. | I 0* na
Vancouver 1. 1 -2 (1.29) 0-1 (0.035) 0-1 (0.13)
NManning i na 1 0
Creston 1 1 I 0
Deep 3 ns 0 na
Train 1 ns 0 na
St Mary 1 1 0 nia
Crowsnest i 1-2  (1.60) o* na
Curiew 1 ns 1] a, 1 (0.94)
Pothole 1-2 (1.36) ns 1 1
el Bonita 2 na 1 a (0.50)
Beaver i 1.2 (1.530) 0-1 (029) 1
Arco 1 1-2 (1.33) 0-1 (0.08) - 0,a (0.25)
P stveicus-
Circle 35 (383) 45 (4.80) 1 ns
Willtams 1. 35 38y s 1* ns
Long L. 35 (429 ns 1 0,a,t (0.02)
George 1. 35 79 5 1 0,1 (0.03)
Hinton 45 (4.80) ns 1 04, (0.11)
Kananaskis 5 5 ns ns
Columbia 1., 34 321 45 (4838) ns ns
Island 3 s ns ns
Cranbrook 3.5 390 45 (432) ns ns
Wardner 34 (3.50) 5 ns ns
Chain 3.5 (463 5 i 0,t (0.01)
Blakiston 3 ns 1 0

* hased on Lindroth’s (196]) observations of the same specimens.
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Table 3.2: Nei's (1978) unbiased gencuie identiucs between allopatrie populations,

SPECIES AND POPULATION 1 2 3 4
1. "inland’ Patrobus fossifrons Curlew ———-
2. P.stygicus Long 3699 ——--
3. P.stvgicus George .400 1.0 ———-
4. P. stygicus Hinton 405 1.0 1.0 e
S. P. stvgicus Chain 413 997 .B0g L0949

Table 3.3: Summary of characteristics of 'coastal' and 'inland’ Patrobus tossitrons.
and P. stvgicus, in allopatry. For clectrophorctic loci, bold letters stgnify fined alleles,

normal letters signify common allcles (frequency = (.25), and letters 1in brackets signily

less common (Irequency < 0.25) alleics.

CHARACTERS ‘coastal” P_ fossifrons ‘infand” P. fossifrons P.stygicus
Morphological:
microsculpturc 1isodiametric isodiametric (ransy erse
median lobe spoon spoon tish hook
wing length dimorphic dimorphic nicropterous

sclerotized 1sland
pronotum shape
antenna shape
R wing vein
.. Wwing wedge cell
Electrophoretic;
Ao
Apk
Est-1
Est-3
dh
Pgi
_Pgm
Ecological:
habitat

usually absent
med. tength, wide
short, narrow
short
 wide

G
B,C
(GRS P

K. L)
o H
B, E
D1

boreat and parkland

marshes & river margins

usually present
long. wide
long, wide
short
wide

F
C
()
K. M
H ()
B
D (B)

praine marshes

usually absent
short, narrow
short, wide
long
HAUTOW

E
(GNP}
A3 1)
J. 1)
G 1 h
a3 n
DM, G

bBoreal and parkland
nrrshes
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Imm

Figurc 3.11: Typical pronota, dorsal aspect, of Patrobus fossifrons (A) and P. stvgicus
(B).
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Figurc 3.12: Typical antenna tips, anterior aspect, of 'coastal' Patrobus tossifrons (A),
'infand' P. fossifrons (B), and P. stveicus (C).
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Figure 3.13: Typical flight wings of P. fossifrons (A) and P. stvgicus (B). 1} and I are
the primary and sccondary sclerotized islands, respectively; Ry is the first branch of the

radial vein; and W is the wedge cell.
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4. EXAMINATION OF SYMPATRIC ZONES AND HYBRIDS
4.1 Introduction

P. fossifrons (Pfs) and P. stygicus (Pst) have been tound within 25 hm <4 cach other in
three arcas in western North America; the Pincher Creek arca ol southwestern Alberta
(Figurc 4.1), the Cypress Hills on the Alberta-Saskatchewan border, and at Wauconda,
Washington (Figure 2.1). Characteristics of these sympatric specimens are compared to the
character states of ailopatric Pts and Pst, which were deseribed in Chapter 3.

This study is organized as follows. In this chupter 1 determine which species aie
present at the various sites, examine ceological differences between these sites, and wdentily
some possible hybrid specimens. In Chapter 5, 1 compile indirect evidence for

hybridization, and calculate estimates of gene flow.
4.2 Sympatric Zone Data Examined

Samples from the allopatric populations discussed in Chapter 3 have been peoled
together to provide bascline species characteristics, for comparison 1o the sympatric
specimens.

Specimens in the zone of sympatry were identified as inland’ Pls (Pls-1), coastal” Pls
(Pfs-¢), or Pst using the morphological and clectrophoretic characters discussed in Chapter
3. intergrades between Pfs and Pst, identified as such and discussed below are treated an
this chapter as probable hybrids, and have been separated in the Tollowing ligures and
tables.

Qualitative morphological characters of sympatiic Pis and Pst appear in Table 4.1 "The
quantitative characters for these population samples are summarized as Hubbs-i lubbs
diagrams (Figures 4.2 to 4.11). Refer to Chapter 2 for a discussion of the interpretation of
thesc plots based on Hubbs and Hubbs (1953).

Electrophoretic data are summarized in Table 4.2, For more detatled mformation, refer
to Tables 2.5 and 2.6, or Appendix #4. Ecological deserniptions of the vanious ponds appeay
at appropriate points throughout the chapter.
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4.3 Results and Interpretations
4.3.1 Pincher Crzek, Alberta

The prairic region of southern Alberta provides the habitat of Pfs-i. Between Pincher
Creck and the Waterton River, these prairies meet the boreal zone with little or no transition

sone. Patrobus was found at several sites in this arca (Figurc 4.1).

Morphological Resulls

According 1o morphological characters (Figures 4.2 10 4.11), Tern Pond specimens and
the two pinned specimens from Bull Pond #1 arc Pls-i. The beetles from Antenna, Pecien,
Lost Road, and Bull #2 Ponds are Pst

At Rock Pond, all the specimens except one were clearly Pfs-i. The exception is
probably a hybrid, and is scparated from the others on the tables and figures. It had Pst
microsculpture, Pfs-i character states for PWL and ALN, and intermediate states for the
median lobe and for PLN. It was brachypterous, which is highly unusual for either species
in this arca. This specimen represents 1.4% of the Rock Pond sample.

All but onc of the Ball specimens arc Pfs-1. That specimen, originally identified as a
Pst, has Pst microsculpture and median lobe shape, and Pfs-i PWL and ALN character
states. For PLN. its character state is within the range of both specices. It is also considered
to be a probable hybrid, so it i< kept separate in the tables and figures. Like the unusual
Rock Pond specimen, it is brachypterous. The Bali hybrid specimen represents 2.7% of the
Ball sample. Together, the two hybrid specimens make up 0.67% of the entire Pincher
Creck sample.

Lynch Lakes and Kavanaugh's Pond contained both Pfs-i and Pstl.

The flight-wing characters R1 and W arc more consistent at Pincher Creck, since
geographical vanation is not a factor over such short distances. There is a major difference
in R1, and a slight, though significant difference in W, between the two species here. Two
other characters that were variabie for allopatric beetles, flight wing development and
sccondary sclerotized island presence/absence, also were more consistent in the Pincher
Creek arca. Here, all Pfs-i were macropterous, and a very high proportion had the
secondary sclerotized island. Pst, (all specimens macroplterous), had a very low incidence

of the secondary sclerotized island.

Y Originally, two specimens from Kavanaugh's Pond were thought 1o be intermediate, so they were aiven hybrid
identification codes  However, examination of ali the morphological characters shows that onc is a Pst and the
other is a Plsoi These specimens were only outhers for the microsculpture character.
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Ilectrophoretic Resulty

Fixed differences at the Ao locus (Table 4.2) shiow that the Tern Pond specimens are
Pfs-i. All elcetrophoresed specimens from Rock Pond also were clectrophoretically pure
Pfs-i. However, the questionable Rock Pond specimen died and partly decomposed en
route to the lab, so it could not be clectrophoresed. Antenna, Lost Rd., and Pecten Pond
beetles were clectrophoretically pure Pst. Electrophoretic data from the Lynch Lakes
locality showed that it contained b th specic .. Various fixed atleles i these populations
indicate that they are pure stock.

Four new rare alleles were found in the Pincher Creek Prs-1 populations. Thew
presence is not surprising, since the allopatnic samples of Pis-1 were small, and thus these

alleles could casily have been present there and simply nuissed.

Fcological Results

Tern Pond is on the prairies, several kilometers from the nearest torested area.
Antenna, Pecten, and Lost Road Ponds arc in semi-open forests, and Lynch Lakes, the
Bull Ponds, and Rock Pond are right on the margin between praine and foothills (Fypure
4.1). In fact, Bull Pond #1, a Pls-i site, is on the praine., while 500m away . Bull Pond #2.
a Pet site, is in the first significant patch of trees as the prairic s replaced by the torest.

The Lynch Lakes site is made up of two ponds about 50m apart. The more
northeasterly pond has no trees around it, but the more southwestern one s surrounded on
three sides by willows. As at Bull Pond #2, these are the first signihicant trees of the
foothills. The northeast pond contained a large, rather coarse species ol Carex, with no
moss or Scirpus present. The southwest pond had Scirpus in the center. Its three treed
sides contained a short, fine specics of Carex, with moss present in the Carex clumps. The
open cast side f this pond contained larger Carex, sinnlar to that found at the cast pond.

The first day at Lynch Lakes, I did not realize that I was collecting both species.
However, when 1 returned, 1 kept beetles from the diiferent habitats separate, and found
only Pst in the moss and short Carex of the treed arca of the southwest pond, both Pst and
Pfs-i in the coarser Carex at the castern end of this pond, and only Pis-1 at the open
northeast pund. So, even though this is a sympatric site, there appears 1o be habitat
partitioning between Pst and Pfs-i. Though they undoubtedly encounter one another, they
tend to live in different microhabitats.

Kavanaugh's Pond could not be shown precisely in Figure 4.1. This site was sampled

by D. R. Kavanaugh in 1970, and according to his label data, 1t is probubly Lynch Likes.
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If 1t1s not, then 1t is a pond very close to Lynch Lakes. In any event, Kavanaugh's Pond is
alson the transition zone between praire and forest.

Ball's Pond also could not be located precisely, but it is in the transition zone as well.
According to G. E. Ball, who collected the specimens in 1956, this pond is not Rock Pond
or one of the Bull Ponds, but it is somewhere along highway #6, immediately south of
these sites. 1t is probably vne of the ponds indicated in Figure 4.1. In 1989, these ponds
were highly disturbed by cattle, so they did not support Patrobus populations. No other
ponds in the immediate vicinity contained suitable habitat at that time, so it 1s concluded that
Ball's Pond, wherever itis, is no longer a viable Patrobus site.

Based on the ecological descriptions of ponds in the Pincher Creek area, it is clear that

Pf--i ponds arc in the prairic, and Pst ponds arc in the forested foothills.

Surnniary

According to morphological and electrophoretic data, some populations in the Pincher
Creck sympatric arca arc Pfs-i, some arc Pst, and a few contain both species. Two
specimens that were not electrophoresed were morphological intergrades between the two
species. Ecological data indicate that Pfs-i and Pst sites are ccologically different.
Generally, Pst sites arc at higher clevations in forested foothills, while Pfs-i sites tend to be
at lower clevations, on trecless prairic. The truly sympatric sites occur right on the margin
between these habitats. At Lynch Lakes, a sympatric site, there was evidence of habitat

partitioning, as the two species were found in slightly different microhabitats.
4.3.2 Cypress Hills, Alberta
Matcrial from the Cypress Hills consists of a series of pinned bectles collected in the

'S0s and '60s by G. E. Ball. The majority of specimens arc from Elkwater Lake, Alberta,

which has extensive Carex and Typha ficlds at its castern end. In 1989, extensive searching

there did not yicld any more Patrobus, though suitable-looking habitat was found. Several
suitable-" 'oking marshes existed on the Saskatchewan side of the Cypress Hills in 1989,
but no Patrobus were found at that time.

No clectrophoretic information was obtainable from thesec muscum specimens.
However, morphological characters (Table 4.1 and Figures 4.2 to 4.11) indicate that all of
the Cypress Hills specimens are Pst, except for two Pfs-i from the castern end of Elkwalter
Lake. These Pts-i specimens were collected together with four Pst specimens, indicating
that the two species co-occurred, both spatially and temporally, in the Cypress Hills.
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4.3.3 Wauconda, washinston

Morphological Data

A scrics of Patrobus was collected rone a pond at Wauconda, in north-central
Washington, in 1989. This sample contained both Pfs-¢ and Pst, as woll as a single
specimen of mixed stock (3.37% of the sample). Structuraliy - e hybrid specimen appears
to be a Pfs-c. ts microsculpture, pronotal fength, and pronotal squarencess states e all
exclusively Pfs-c. Its aniennal length and squarcness states could (it into cither Pls-¢ o
Pst. It is brachypterous, itke atl Wauconda Pfs-¢2. However, electrophoretic data show that
it is clearly of mixed ancestry (seec below ).

The Hubbs-Hubbs plats (Figures 4.2-4.11) indicate that purcbred Wauccada Pls-¢ are
somewhat larger than allopatric Pfs-¢, as indicated by PLN. Differences between Pfs-¢ and
Pstin the character ALN were in the opposite directon from those in allopatry . 1 have no
cxplanation for this. For the rest of the morphologicat characters, Pls-¢ and Pst at

Wauconda gencrally showed the same characteristics as allopatric Pls ¢ and Pst

Electrophoretic Data

Electrophoretic data (Table 4.2) indicate that, except for the putative hybrid specimen,
the Wauconda beetles are pure Pl's or Pst. The Pfs are clearly o1 the coastai morph, bascd
on the fixation of allele G in the Ao locus. Wauconda Pfs alleles at Odh, i, and Pem also
fit the pattern for Pfs-¢ much better than that of Pfs-i. A comparison of Wauconda Pts to
individual allopatric Pls-¢ (Tabic 2.3) shows that there are allenic diierences bewween
Wauconda Pfs and all three allopatric Pfs-¢ specimens. This supports the idea, discussed in
Chapter 3, that there i1s some subdivision within Pfs-¢ which cannot be determined with the
data at hand.

The putative hybrid specimen is not an Fj. This beetle had onc locus (F2sf 7) fixed for
Pst alleles, one locus (Odh) fixed for Prs-c alleles, and two loci (Ao and Fs1-33) which
were heterozygous, with a Pst and 4 Pfs-c allcle. The hybrid specimen’s alleles at the other
four loci were of indeterminate origin, since they were alleles shared by Pls-¢ and Pst.

Obviously, this specimen is of mixed stock, though it is not an Fy hyvbrid.

2 Because brachyptery appears to be a feature of hybrid stock (see section 4.4.3), the fact that this Wauconda
specimen is brachypterous in a region where Pfs-c is brachypterous does not help identify it as a Pfs-c.

3 Electromorph L of ihe Est-3 focus is assumed here to be present only in Pst at Waucondu, However, | was seen
in allopatric Pfs-c, so there is a slight possibility that L. is present at a very low frequency in Wauconda Pfs ¢ If
that is so, the hybrid specimen could be homozy gous for Pfs-c¢ clectromorphs at /os1-3
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Teological ata

The Wauconda arca is primarily dry pine forest in rolling hills. The pond itself was
surrounded by wiilow trees, and had extensive Carex patches. All the specimens of both
species were collected within a 10m X 10m arca, and no subdivision of the pond into
miciohabitads was evident. Thus, the hubitat partitioning evident at Pincher Creck was not

apparent at Wauconda.

Summnary
Roth Pts-¢ and Pst inhabit the Wauconda Pond. Electrophoretic analysis proved that
one specimen was of mixed parentage, and that all other Wauconda bectles were purcbred,

though possibly slightly divergent, stocks of their respecti s ¢ species.
4.4 Discussion
4.4.t Habitar Preferences

An mmiportant question raised by examnation of the ccological data is, exactly Which
ccological factars determine the habitats of Pis-i and Pst? Clearly these species prefer
different hubitats.

One possibility 1s that perhaps Pls-i require more day-degrees thun Pst. and/or perhups
Pst cannot sursiv e higher temperatures. In southwestern Alberta, the boundary between
Pia-i sties and Pst sites more-or-less corresponds to the treeline separating the prairies from
the foothills. in the Pincher Creck arca, this is at approximately 4500 feet (1360m) (sec
Figure 4.1). The prairic ponds there frequented by Pfs-i receive much more sunlight, and
are generatly at wiower elevation, so they are undoubtedly warmer. Depending on the
elevation, the frosi-ree period around Pincher Creek varies widely, iton 60 1o 120 days.
Loca! ranchers have told me that 2 change in wliitude of less than 109m causes a mg;or
ditterence in the climaie. Clearly, though the foothiils and prairtes are ciose geographically,
they are chhmatcally quite different.

Another ikely tactor is the amenent and type of avatlable giound cover for concealment
and overwintering, Cover is very important to Ps and Pst, as shown by the rocks for
which Rock Pond 1s named. At that site, Pis-i were highly concentrated ur der the rocks,
ot they were very scarce around 1hie rest of the pond. Pis-1 ponds cither hird re:cks or no
visibio coner, whereas Pst ponds alway s had oid Jogs and debris around them, duce to the

nearby trees. Perhaps Prs-t and Pst lanvae reque e different types of cover o survive.
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Ecologically, the Cypress Hiils arca of sy mpatry 1s quite sinislar 1o the Pincher Creck
arca. The Cypress Hills are at a similar lattude, and reach an aluude of 1392 m Qust over
4500 ft). They torm an island of lodgepole pine forest in the great plams, so they are an
island of Pst habitat in a lurge arca of Pfs-1 habitat. Elkwater Lake. the Cypress Hills
sympatric site, 1s at an clevation of 1209m (3990 feet). and is right on the margin between
forest and prairic. This is the same situation as 1n the Pincher Creck area, where Pls and
Pst encounter one another at the margin between their respective habitat tvpes.

I do not know what is happening ccologreally at Wauconaa, Washington, because |
have not been able to describe the habitat preferences of Prs-¢ and Pst i the vegion when
they arc in allopatry. However, this is the farthest south that Pst hus been tound on the

west side of the Rockies, ~o the arca 1s probably marginal for s survis al,

4.4.2 Hybrid Ancestries

A second guestuon as, what are the ancestries of the hy brnid speaimens? The degree of
fertility between taxy, and the fertility of hybrid offspring, -an provide an indication of the
extent of genctic similarity between the taxa. Thus, details of the types of hybridization
cvents which are possible can tell us about the genetic relatedness of Pts and Put.

As discussed above, two probable Pis-1/Pst hvbrids were found 1n the Pincher Creck
arca. onc from Rock Pond and one from Ball's Pond. A Pls-¢/Pst hvbrd was found at
Wauconda Pond.

The probable hybnds from Pincher Creck cannot be studied electrophorcuically, so the
ancestry cannot be traced in that manner. All that can be deduced about hvbndizauon i this
arca is that successtul crosses are quite rare, or else more hybrids would hayve been found

There 1s no rexson not to expect hybridization to oceur accusionally at Cypress Phtls,
Based on the rarity of hybrids in the Pischer Creek populations, the Cypross THills sumple
may not have been farge enotgh tor any hybrids 1o have been tound.

The hybrid fiom Wauconda was clectrophoresed, so much more s known ol gt
ancestry. Obviously, this specimen 1s of mixed stock, though 1t is notan |4 hybrid. The
loct for which 1t 157 cterozygotc for Pts-¢ and Pst alleles (Ao und Fisr ) can be explained
by a simple cross of a Pfs-¢ and a Pst. However, the fact that it is fived tor a Pts-c allele at
(dh, and for a Pst allele at f251- 1 cannot be explained by a simple Pls-¢/Pst cross. Those
loct indicate that both parents had a Pfs-c allele at Odh, and a Pstaiicic at Fisr 1 Theretoie,
both parents of this beetle had 1o have been mixed-stock. Tuaking this into consideration, the
simplest way for this beetle to have been produced is via a sibling mating of two ) hybnids

(theory A Figure 4.12).

6%



PO - MSc Thews

Haldanc (1922) found that, 1n hybrids, the heterogametic sex 1s more likely to be stenile
or unfit than the homogametic sex, because it has only single copres of alleles for many
genes on the sex chromosomes. If this is the case in Patrobus, and male hybnds are sterile,
then the ancestry of the Wauconda hybrid becomes somewhat more complex. Again
assuming that it is the product of a single hybridization event, the only way to produce the
nccessary mixed-stock fertile males would be a backeross of a Pfs-¢/Pst hy ! :d female with
a male of cither species. A male of rthe resulting Fa genceration then could have produced the
hybrid bectle by mating with a female s. ‘ling (thcory B; Figure 4.12). Thercfore, if Fj
inules are sterile, the hybrid would have to be at feast an F3.

After examining this entire Pis-¢/Pst sample tor electrophoretic characters, and finding

“mixed stock, it is clear that successiul hybridization is an unusual

3

oniy op~ individaeg o
event. However the abose hypotheses of the geneties of ihis hybrid require the invocation
of several more wissuai cvents. First, few or no other Fy hybrids besides the ancestors of
this beetle could have successfully reproduced, or else some other trace of mixed ancestry
would have been found at Wanconda. Therctore we can assume that very few of thuse Fy
hybrids exisied. Second, t6 produce the hybrid specimen, these mixed-stock ancestors
would have had to have mated with cach other rather than with any of the many purcbred
Pls and Psit present at the site. Third, few of the 1989 gencration (the year that the hybnd
speeiicn was coliccted) could have sunvived o migiaiiiy, or nioic would have been found.
This is quite a sequence of improbable events. However, if the hybrid beetle 1s the result of
a sibling mating, then obviously those events must have occurred.

Alternatively, the parents of the mixed stock specimen could be the product of two
ditterent hyvbridization events. Then a sibling mating waald not have had to have occurred
in its ancesity. However, this increases the odds of other mixed stock :ctles being
produced; nonc of which were tound. The fact that only one specimen out of 30 (3 3%)
was of mixed stock suggests that successful hybrnidization events arc somewhat rare. So,
the single hvbridization theory remains the most likelyv.

Another, highl speculauve explanation s that perhaps this beetle is the product ef a
hybridization event in which some genetic information was lost in the Fy generation. In Fy
hybrids, differences between maternal and paternal DNA often cause translocations,
inversions, and other copying errors. Perhaps ercors of this sort caused onc or more allcles
to be inactiy ated o1 dele’~d. This mearn  that loct which are in fact hetere,.ygous, or contain
a null allele. would be coded as homozyg s tor the single active allele. This situation
would be detectable it the enzyme were a dimer (or a tnmer or tetramer) because a pair of

cqually-stained bunds (or a senes of three or four bands) would be present in place of the
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single band produced by a homozygote. However, 1t the cnzvme were a4 monomer, (ius
condition would not be detecuible.

I postulate that perhaps Pis/Pst Fa becetles are missing some gencetic iformation ol one
ol the parents. If this is happening at the Fsr- 7 locus (which codes for a4 monomeric
cnzyme) in the hybnid specimen?, then 1t would no longer have to be the product of parents
which were both mixed stock. It could be explained as the offspring of an 1) hybid and a
purc Pls-¢ (thcory C: Figure 4.12), a much more likely occurrence.

Whatever the exact ancestry of the Wauconda hybnd beetle, itis clear that 1t s of mined
Pts-c/Pst stock. It is also clear that, since it is not a direet Fy hybnid, at least some hyvbrids,
its parent(s), arc ferule. It is not known whether or not hybrids can mate with both parental
stocks. Perhaps they can mate successtully only with other hybrids. This would help
explain at teast one of the aforementioned unlikely events. There are many biochemical,
structural, and behavioral characterisues which could possibly atfect the occurrence and
outcome of these matings. Examination of these would make a very miteresting follow-up

studv.

[tis interesung that no {71 hybrids were found. In his study of Carabus hybridization,
Mossakowskr (1990) also did not find any Fy hybrids, even though he found that
individuals of hybrid stock comprised as much as 16% of the populatons studied. This
suggests that, 1 carabids, i hobride donotlive as Tong as thar ofspring o puictaed
beetles.

Untortunately, the three hybrid specimens found do not provide enough evidence to
compare ievels of Pst hybridization with Prs-c to levels between Pt and Pts-1o All that can
be inferred at this point 15 that successtul matings are rare in both cases. The nest Chapler,

an examination of gene fTow cvidence and estimates, will shed <onme hght on this subject
4.4.3 Brachyptery of Hybrid Specimens

Both hybrids trom the Pincher Creek arca were brachy pterous, i an arca where both
parental stocks were macropterous. Since brachy ptery 18 phenotypically dominant in
carabids (Lindroth 1946, Den Bocer ¢f al. 1980), the brachypterous allele does not appear to
be present in this arca. Therefc.e, the brachyptery of ayvbrids s hkely duce o a

developmental error caused by incompetible DNA. The hybrid specimen from Wauconda is

i his had been so for the Qdh iocus, which s homozygotic for 4s-¢ alleles, it woenld have been detected,
because Gdh codes for a dimeric enzyme. Thus, under this explanation, the hybrid conld 1ot have been the product

of a hybrid and a pure Pst Also for this reason, the hybrid bectle could not be anc by clectrophoretic di o puise
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#lso bruchypterous. This may be duc 1o a dominant allele from the brachypterous Pfs-¢
parental stock, or due to a developmental error resulting from hybnidization.

SAossakowski el al. (1986, 19%0) tound wing abaormalities in Carubus lincutus / C.

spiendens hybrids in Spain. In those studies, hybrids usually had a wing form intermediate
between the forms of the parental species, but some hybrids {(proportions not specified) had

abcrrant wings or strong differences between the left and nght wings.
4.8 Summary

Pincher Creek and Cypress Hills support sympatric populations of Pfs-1 and Pst
Within the Pincher Creek arca, most sites contained one or the other species, but a few
contained both species. Two morphological intergrade specimens, probable Pfs-i/Pst
hybrids, were found. Ecological difierences were found between Pfs-i and Pst habitats.
Even at mixed sites, the two species showed signs of habitat parutoning. Differences in
climate and ground cover arc suggested as possible fuctors determining where Pfs-1: 78 Pt
can hive.

The Cypress Hills becties contained pure stocks of Pfs-1 and Pst, with no sign of
hybnds. Ecologicul conditions are similar to those at Pincher Creek.

Wauconda, Washington supports a sympatric population of Pis-c and Pst. Both species
hived there with no evidence of habitat partitioning. One beetle of mixed ancestry was tound
at this site. This specimen was not an Fy, so at least some hybrids at the site are ferule

under at least some conditions.
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Table 4.1: Compartson of qualitative morpholog: Sharacters i sympatnic and pooled

allopatric populations. Pis-¢ = 'coastal’ Patrobus fossifrons: Pis-1 = inland’ P. fossifrons:;

and Pst = P, sivgicus. Numbers are churacter state ranges: asciages of vanable populations
arc in brackets. Elytral microsculpture is coded as 'Y (isodiametney 1o 'S (transverse),
median lobes of males are coded as '1' (spoon shaped) through 'S (hish-hook shaped)y:
wing development is coded as *0° (brachypterous) or “17 (macropterous): and the
secondary sclerotized island is coded as absent (*07), present (717), or present but attached.
deformed, or tiny (*a’, *d’, and ", respectively). 'na’ indicates where characters were not

applicable, and 'ns' indicates where characters were not scored.

SECONDARY

SPLECIES & MICRO- MEDIAN FLIGHTT SCHEROVIZED
POPUT.ATION SCULPITRE 1.0OB1: WING IS AND
POOI.ED ALLOPATRIC:
Pls-c 1-3 1-2 0.1 0.1
Pls-i 1-2 12 0 0O.a.l
Pst 3-5 +-5 1 Oadal
PINCHER CREEK:
Bull #1 (I't<-1) 2 120 (150 1 1
Tern (Pis-1) ] ns | 0.l (1 9G)
Ball (Pts-1) -3 (117 2.3 (232 ns ns
(hybnd) 5 <4 3 1L
Kavanaugh (Pfs-1) 12 (LA -2 (118) 1 )
(Pst) +4-5 (+.67) 45 (475 i 0
Lynch (Pts-1) 1-2 {103) s 1 atl (O 97y
(st +5 (4067) s ! 0O
RoOCK (11s-1) 1-3 (.14 ns 1
(hybnd) s 3 0
Antens  (Pst) 5 ns ] 0
Bull #2 (1) 5 mt I 0
Lost Rd. (Pst) 35 (480) HE 1 Ul (1 (13)
Pecten (Pst) +5 (488 ns I G
CYPRESS THILS:
Pfs-i 1 2 I 1
Pst 34 348 3.5 (471 1~ ns
VOALUCONDAC
Pfs-¢ 1-3 (1.30) N Q] T
hybnd 2 0 1
Pst 45 {1467 ns 1 ()
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S. EVIDENCE AND ESTIMATES OF GENE FLOW

5.1 Theory

5.1.1 Indirect Evidence of Gene Flow

Morphoiogical Evidence of Gene Flow

If genc flow is occurring between iwo taxa, then members of sympatric populations of
those taxa ought to be morphologicaliy more similar than are members of allopatric
populations. Discriminant function analysis, developed by Fisher (1936), is a method of
comparing two populations by examining scveial characters simultancously. It combines a
set of variables into a single function, which maximizes the difference between two
samples. The resulting discriminant function is a summary of the variation expressed in a
series of variables. This procedure can be used to scarch for gene flow between two taxa,
by comparing distances in allopatry 1o difterences in sympatry. It can also be used 1o
examinc hybrids, by plotting them on the discriminant function to sce where they e with
respect 1o the parent species.

In the current study, if gene flow has been sccurring, a discriminant function analysis
of morphological characters ought to show less difference between sympatric populations
of 'coastal' and 'inland' P. fossifrons (Pfs-c and Pfs-i, respectively), and P, stygicus (Pst)
than between allopatric populations. As well, the probable hybrids ought to be between the
parent specics on the discriminant function plot, if they arc indeed hybrids.

Electrophoretic Evidence of Gene Flow

If gene flow is onccurring between Pfs and Pst, they ought to be clectrophorcetically
more similar in sympatry than they are in allopatry. Nei's (1978) genctic identitics are
useful for this sort of comparison. If sympatric populations of two different axa have a
higher identity value than allopatric ones, it is an indication that they are interbreeding. Sce
Chapter 3 for Nei's formula for computing thesc distances.

Heterozygosity and Bilateral Symmetry Fvidence of Gene Flow

Heterozygosity is thought to affect the fitness of organisms, and bilateral symmeltry
provides a uscful measure of that fitness; sec Palmer and Strobeck (1986) for a review.
Generally, the more diverse a populations' gene pool is, the more evolutionarily fit the
population ought to be (Lerner 1954), because a varicty of alleles at a locus provides

several biochemical, structural, or behavioral responsces to deal with environmental factors.
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Asymmectry of otherwise bilaterally symmetrical organisms is an indication of deviation
from the ideal developmental blueprint. More heterozygous populations have been shown
1o be more symmetrical in insects (Biémont 1983), moiluses (Kat 1982), and fish {Leary e/
al. 19854).

According to Palmer and Strobeck (1986) the bilateral variance is the most informative

mecasure of syimmetry. It is calculated as follows:

— 2(R-L)?
(5.1} v —

where V is the mcasure of bilateral variance, N is the sample size, and R and L are the jeft
and right mcasures, respectively. This is shghtly different from the true variance, in that
zcro, rather than the mean of the R and L. measures, is considered to be the center point
about which the measurements are distributed. It is still a measure of variance, and as such,
it can be analysed statistically.

Heterozygosity is also thought to affect symmetry at the individual level. More
heterozygous individuals are genetically more {it, so they ought to show higher levels of
symmecetry than more nomozygous individuals. This has been shown in fish (Leary ef al.
1983, 1984).

Though heterozy gosity generally results in increased symmetry, this is not se when it
involves the tncorporation of genetic information which is too different. Interspecific
differences in DNA are often too great, so alleles can be deleted, or can fail to function
properly when different species hybridize. As a result, many inter-species hybrids, though
highly heterozygous, show decreased symmetry (Graham and Felley 1985, Leary et al.
1985b). Therefore, the relationship between heterozygosity and symmetry can be
informative. Onc would expect that, in allopatric populations, more heterozygous
individuals should be more symmetrical. In sympatric populations, if symmetry decreases
as heterozy gosity increasces, this is a sign that gene flow is occurring.

In the current study, if gene flow is occurring, sympatric Pi's and Pst ought to be more
heterozygous and less symmetrical than allopatric populations. As well, if heterozygosity
increases as symmetry decrcases al sympatric sites, then gene flow is likely causing some

of the heterozy gosity.
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5.1.2 Electrophoretic-Based Estimates of Gene Flow

In addition to indirect evidence of gene flow, there are technigques tor estimating actual
levels of gene flow. It is usually measured as Nm, where N is the population sisc, and m
is the {raction of individuals in the population which arc migrants. The most common
calculation of Nm is based on Wright's (1951) coriclation coetlicient, For. This s
essentialiy a fixation index of subpopulitions within a population, based on differences in
the levels of homozygosity within and between subpopulations. For completely
undifferentiated subpopulations, Fgp is zero, and for completely  ditferentiated

subpopulations, it is one. To estimate Nm from Fgy, Wright developed the formula:

[5.2] Nmgy = S0 2L

Alleles arc assumed to be neutral to sclective forces by this maodel, so if they are not, biased
estimations of Nm will result. This formula works for Slatkin's ( 1985b) "infinitc island”
model of population structure. It also works on his "n-island” model, i’ the number of
islands (subpopulations) is large, and the mutation rate of alleles is small. If the population
structure conforms to the "stepping-stone" model of Kimura (1953), then this calculation
will undes estimate Nm. For most applications, it gives a reasonable estimate.

Another mcthod of estimating Nm, also based on differences in homorygosity, was
described by Nei (1975), in “vhich he used his D-vaiuc (Nei 1972, 1978) to estimate Nm.
This method is based on the principle that the genetic distance between populations
deccreases as the gene flow between them increases. Like the Fqyp calculations, this estimate
depends on differences in homozy gosity, since that is what Net's D measures are based on.

To estimate Nm, one {irst estimates m as follows:

[5.3] INK(-D) = %

where D is the genetic distance between the populations in question, m is the fraction of the
populations which migrate, and g is the mutation rate of the alleles used in the analysis
(assumed to be constant at 2X10-%). One then estimates m, which can be left as is, or a
value of N can be determined or assumed, to arrive at Nm. This cquation only works for an
"n-island”" model of population structure, and when mutation and sclection rates are very
small.
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Nei's technique works in theory, but as Siztkin (1985b) points out, it 1s subject 10
crror. I1 the average sclection coelficient 1s as farpe as or larger than m, biased estimates
will resuft. Also, 1t requires a rcasonably accuraiec measure of N, if it 1s to be compared to
other Nm values. In light of these problems, the Fgr technique, also based on
homozygosity differences, 1s a more reliable estimator of Nm.

A third technique for estimating Nm was developed by Slatkin (1985a). This method is
based on pnivate alleles; adleles which are present in only one subpopulation. Generally, the
morc gene flow there is between subpopulations, the lower the average frequency of
private allcles, ;. When a large amount of genc flow is taking place, private alleles are
highly unlikely to remain private unless they are present only at low frequencies. Slatkin

found that, when he plotted Nm against Py, he got a more or less linear relationship:
[5.4] InP; = adn(Nm) + b

where a = -0.505, and b = -2.440). Thus his formula for estimating Nm is as follows:

[5.5] Nmeg = EXP[M]

-0.505

This relationship is more or less lincar for values of Nm between 0.01 and 10. (Lower
values tend to be overestimated, and higher values tend to be underestimated.) This method
yiclds correct results under different population stiructures, but it is prone to error if
mutations arc not selectively neutral. It is designed for a sample size of 25, but can be
corrected by multiplying the resultant Nm estimate by 25/N, where N is the sample size.

In intra-taxon comparisons, a fundamental problem arises with Slatkin's technique,
because mwore than two populations are being compared simultaneously. In a situation
where there arc two groups of populations interbreeding among themselves, but not with
cach other, there would be very few private alleles. Most alleles would be shared by other
populations within the group, though not with populations in the other group. A caiculation
of Nm based on the frequency of private alieles would thus vastly overestimate gene flow.
This can bc avoided by pooling populations into their respective subgroups. Another
solution is to calculate Nm between all possible pairs of populations. An unpublished
subroutine for Swofford and Sclander's (1981) BIOSY S-1 program, written by B. M.
Roiseth, does this.

Wright's technique, based on allelic fixation levels within populations, detects this

subgrouping. However, Wright's method cannot determine which subpopulations are
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related. The best approach in situations such as this is o use Wright's techmque to estimate
overall levels of gene flow, and then compare pairwise Slatkin's Nim estimates (o identfy

any partioning into subpopulations.
£.2 Materials and Methods
5.2.1 Discriminant Function Analysis Methods

The discriminant function analysis was carried oat with the assistance of C. D,
Klingenberg, using the SAS statistical program (version 6.06.01: © 1980 by SAS
Institute Inc., Cary, NC, USA) on the University of Alberta mainframe computer.

In discriminaryl e g analysis, all variables must be of the same type, so only the
quantitative measure »ond wveere used. Wing mes vements were deleted from the analysis,
since many specimens were brachypterous, < v Qs - usared for wing characters. Tias
lelt four measurements; prono.al length (PLN), pronotal width minus length (PWIL),
antennal segment length (ALN), and antennal scgment squarcness (ASQ).

All measurements must have similar standard crrors, for discriminant function analysis
to provide valid results. Standard errors of the above four measurements were compared
using a t-test. The standard crror of ASQ was found to be larger than those of the other
measurements, so it was converied to antennal scgment width (AWD), which had a
standard error much closer to those of the other mcasurements.

Using PLN, PWL, ALN, and AWD, a discriminant {unction was calculated between
allopatric Pfs-c¢ and Pst. Then coordinates were calculated for sympatric specimens of these

taxa, using the sume function. The entirc procedure was repeated between Pls-i and Pst
5.2.2 Nei's Genetic Identity Calculation Methods

Allopatric populations of the species and morphs were pooled, and Nei's (1978)
unbiased genctic identitics were calculated between these and sympatric populations. All
populations with sample sizes of at least five were used. For the Wauconda population
samples, values were calculated both with and without the hybrid specimen. For
calculations including the hybrid, two series of genetic identitics were calculated: one with
the hybrid placed in Pfs-c, and the other with the hybrid placed in Pst. The hybrid was thus
shared between the Pfs-c and Pst samples at Wauconda.
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5.2.3 Heterozygosity and Symumetry Analysis Methods

Heterozy gosities were determined by direct count, from the cicctrophoretic data
(Appendix #4). Heierozygosities of the Wauconda samples including the hybrid specimen
were calculated as the average of valucs with the hybrid in the Pf's saumple, and in the Pst
sample. This clfecuvely splits the specimen between Pfs-c and Pst, as in previous
calculations.

Four wing mcasurcments were used in the symmetry calculations; the length of the
sclerotized arca of the fused costa, subcosta, and radius (¢ in Figure 2.8), the length of the
R} vein extending from this sclerotized area (b - a in Figure 2.8), the length of the cubital
vein between the two cubito-anal cross veins (d in Figure 2.8), and the width of the wedge
cell (¢ in Figure 2.8). These arc hereby abbreviated as R1.1, R1.2, W1, and W2,
respectively. These measurements, or the measurements they were calculated from, appear
in the morphological data, Appendix #5.

Individual symmetries were calculated for each specimen, based on the absolute value
of the nght wing mecasure minus the left wing measure, in micrometer units at 25X
magnification (1 unit @25X = 40um). Mcasurement crrors were estimated by measuring a
samplc of 16 Rock Pond Pfs-i males four times. Percent error in measurement of each
character was then calculated for cach specimen, and averaged over all individuals (Table
5.1).

Mecasurements from Rock Pfs-i and Chain Pst, the two largest samples of their
respective taxa, were compared to the left-right averages and to other measurements to test
for independence. Pcarson correlations were calculated between the symmetries and left-
right averages, and between the symmetries and PLN, an indicator of beetle size. The only
corrclation greater than 0.5 was between the symmetry and left-right average of character
R1.2, in Rock Pond males. (correlation = 0.746; N = 16). Dividing the symmetry by the
left-right average did not reduce the correlatior: very much (correlation of symmetry/average
vs. average = (0.659; N = 16). This fact, and the fact that no correlaticn was seen in
Rock females, or in Chain Pond bectles, suggest that it was an anomaly, and not of
biological significance. It was concluded that the measures of symmetry were generally
independent of the left-right averages of the measures, and independent of overall beetle
sizc.

Bilateral vanances of were calculated from individual symmetries using Palmer and
Strobecek's (1986) formula (sec Section 5.1.3). These symmetries were compared to error
variances for a sampic of 16 Rock Pond Pfs-i males, to test for significance of bilateral

variances (Table 5.1). Bilateral variances were found to be significantly larger than
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measurement vagiances for all four measurements in this sample, so this s assumed to be
so in other samples as well.

Bilateral variances of males and females were then examined for sexual ditferences, in
cach population sample. Only onc of the 20 tests was stgntficant at a 5% conlidence
interval (symmetry of W1 in Lynch Pfs-i; F = 3.940: degrees of frecdom = 15, 18). On
average, one in 20 tests ought 10 be falsely considered significant, because the test is only
accurate 95% of the time. Thus this one significant difference is considered to be lesting
error, and not of biological significance. As well, the tact that no sexual differences were
found in the characters R1 and W (sec Chapter 2 for details), indicates that varability in
wing characteristics is not sex dependent in Patrobus. There could be differences in the
way heterozygosity affects the sexces, but sphitting samples into males and females would
result in such small samples that any significant differences of this nature probably could
not be detected. It is conclude’! that the bilateral variances arce independent of other
measures, and independent of sex. In all further comparisons of symmetry, data from both
sexes were pooled together.

Tests for significant differences between the bilateral variances of difterent population
samples were done using Sokal and Rohlf's (1981) test for significance of differences
between two variances.

All populations for which complete morphological and genetic data was available for at
least 20 specimens, were used in the comparison of heterozygosity and asymmetry.
Specimens with incomplete data were also uscd, in those tests for which their data were
complete (i.c. populations with missing electrophoretic data were used in some of the tests
of individual loci). No Pfs-¢ populations were analysed, because not cnough individuals
WEre macropterous.

5.2.4 Gene Flow Estimmation Methods

Using the electrophoretic data, Nm values were estimated via Wrights' and Slatkin's
methods. All of Slatkin's estimates were corrected for zample size. Estimates of m were
also calculated using Nei's unbiased D, which corrects for small sample sizes. This cannot
be calculated when more than two populations are beirg compared simultancously, unless
some of them arc pooled, so some m estimates could not be made.

Amounts of gene flow were cstimated betw:en Pfs and Pst in allopatry and in
sympatry. At Pincher Creek, gene flow was estimated at the Lynch Lakes sympatric site,
and between locally allopatric populations of both specics at other sites in the svmpatric
zone. At Wauconda, estimates of gene flow between Pfs-¢ and Pst were caiculated without
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the hybrid specimen, and with the hybrid specimen sp'it between the two taxa, as in the
Nei's identity calculations (see Scetion 5.2.2 for details).

The homogencity of Pstand of Pls was tested by csumaung gene flow within these
species. In the latter tests, besides Nm esiimates between all populations simultancously,
pairwisc Slatkin's calculations between intraspecific populations were made, to test for

subgrouping of populations within species.
§.3 Results
5.3.1 Morphological Introgression as Evidence of Gene Flow

Hubbs-Hubbs plots of eigenvalues resulting from the discriminant function analysis
appcar in Figures S.1 and 5.2, Figure 5.1, a comparison of Pfs-i to Pst, shows that,
gencerally, the sympatric populations conformed to the characteristics of their respective
species in allopatry. However, the range of female Pincher Creek Pfs-i mcasurements
cxtends well into the range of measuremrents for Pst. A re-cxamination of the Hubbs-
Hubbs plots of individual characters (Figures 4.2 to 4.11) show's that there were scveral
outliers in the Pincher Creck Pfs-i population samples. For example, Rock Pond Pfs-i
values were somewhat extended into the range of Pst measures for PWL and ALN, and
Ball's Pond Pfs-i were extended for PLN, PWL, and ALN. Scveral Ball's Pond males also
had slightly srygicus-like median lobes. Various analyses of variance and skewness were
done (not presented here) to determine whether this skewing of Pfs-i character states in the
dircction of Pst character states was significant. Results were inconclusive, due to the sizes
of samples analyzed. However, it is possible that female Pfs-i from the Pincher Creek arca
arc shightiy more stvgicus-like than their allopatric counterparts. If this is really the casc, it
would be an indicator of gene {low between the species there.

Figure 5.2 compares Pfs-c and Pst. The Wauconda Pfs-c females were significantly
morc stygicus-like than allopatric Pfs-c. As well, both male and female Pst at Wauconda
appeared to be more fossifrons-like, but samples were not large enough to determine this
with certainty.

Figures 5.1 and 5.2 also show that the putative hybrid specimens all lic well within the
range of P. fossifrons measurements. However, the muitivariate analysis did not take into
accouni some of the characters which were intermediate in these specimens.

In summary, some evidence indicates that morphological Pst characters have
introgressed into a few Pfs-i females at Pincher Creek. At Wauconda, introgression of

forcign characters in*, both Pfs-¢ and Pst appears to be more widespread .
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5.3.2 Electrophoretic Introgression as E\ridence of Gene Flow

Tablc 5.2 lists Nei's (1978) unbiasced genetic identities and distances for sympatric and
peoled allopatric populations.

The sympatric Pis-1 population samples from Tern, Rock, and Lynch were not
stgnificantly closer to the various population samples of Pst than allopatic Pls-i were.
However, the Pst samples exhibited differences when compared to the Pls-1 samples as a
whole. Lost Rd. specimens were no closer to Pfs-i than allopatric Pst were, but Lynch Pst
were closer to Pfs-i. (Pecten specimens were also slightly closer to Pls-i, but this was not
considered to be significant in light of the small size of this sample). This indicates that
gene flow may have occurred into Pst at Lynch Lakes.

Pfs-c from Wauconda were closer to Pst than were Pfs-i. Unfortunately, no large
sample of allopatric Pfs-¢ were clectrophoresed, so I do not know whether Pis-¢ were any
closer to Pst in sympatry than in allopatry. Wauconda Pst specimens, including the hybrid,
were much closer than allopatric Pst were to Wauconda Pls-c. This was partdy due to the
hybrid, but when it was removed, the remaining Wauconda Pst were stitl somewhat closer
to Pfs-c than allopatric Pst were.

In summary, Nei's (1978) unbiascd identitics suggest that gene flow has not occurred
into any Pfs-1 populations. Pfs-c¢ could not be examined in this manner, duc to lack of data.
Nei's identitics also suggest that gene flow has occurred into Pst populations at Lynch
Lakes and at Wauconda.

5.3.3 Heterozygosity and Symmetry

Heterozygosities

Direct count heterozygosities appear in Table 5.3. Independent t-tests Tor significant
differences in heterozygosity between sympatric and allopairic populatons alsc appear in
this table. Variances were Kept separate in these tests. Sympatric Pfs-¢ and Pst populations
did not show any significant differences from pooled allopatric populations. For Pfs-i
populations, the only significant difference was that the Tern sample had a significantly
lower heterozygosity than allopatric Pfs-i. It is concluded that, 1n sympatry,
heterozygosities were not any larger than in allopatry.
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Syrrrnelries

Table 5.4 shows bilateral variances of the study populations. Statistical tests were donc
between all possible pairs of populatons (Table 5.55. The oaly trend is that Chain Pst were
highly asymmetrical. Since it is an allopatric population, this cannot be due to gene flow
from Pfs-i. Heterozygosity of the Chain Pst population was not the highest nor the lowest
ol the allopatric Pst, so the high level of asymmetry in Chain Pst was probably not caused
by unusually high or low heterozygosity. The sympatric populations (Rock and Lynch
Pfs-1, and Lost Rd. Pst) were no fess symmetrical than pooled allopatric populations, so

this test provides no evidence of gene {low 1n sympatry.

Heterozvgosily versus Svintnelry

Plots of heterozygosity versus symmetry appear in Figure 5.3. No clear pattern is
cvident for Lynch Pfs-1, Chain Pst, or George Pst. However, Rock Pfs-i and Lost Rd. Pst
scem to decrease in svmmetry as heterozygosity increases. Due to the smali sizes of some
heterozy gosity classes, statistical tests of symmetry measurcs in these populations are not
very informative. However, some ANOVA tests were carried out on measurements which
showed consistent trends. Significant differences between heterozy gosity classes, at a 95%
confidence interval, were as follows. Rock Pond individuals with heterozy gosity of 0.375
were significantly less symmetrical for R1.2 than individuals with lower heterozygositics
(F = 5.446, degrees of freedom = 3, 25). Also, Lost kd. Pond individuals with higher
heterozy gosities (0.250 and 0.375) were less symmetrical for R1.1 and R1.2 than
individuals with fower heterozygosities (O and 0.125) (R1.1 F=3.985, degrees of
frcedom =4, 31; R1.2 F =3.379, degrees of freedom = 4, 29). This is evidence that.
in sympatry, increased heterozygosity sometimes leads to decreased symmetry. However,
Lynch Pls-1 werc also in the sympatric arca, but they did not show any significant decreasc
in symmetry as heterozygosity increased.

The previous test showed that different measures responded differently to
heterozygosity level. To test the hypothesis that symmetry in these measures is also
dependent on which loci are heterozy gous, specimens in each population were grouped
depending on whether they were homozygous or heterozygous, locus by locus. Too few
heterozy gous individuals were present at Ao or Apk, so those loci are deleted from the
analysis. Bilateral variances of the above groupings were then compared (Table 5.6). This
table also includes details of F-tests between homozygous and heterozygous individuals in
cach population, for cach measure of bilateral variance. In a few cases, heterozygous
individuals were less symmetrical than homozy gous individuals, but generally very few

differences were found. Of the differences which were found, all bui two depended on
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neterozyzosity tevels in the Fsr-3 locus. Rock Pond Ps-t shoe. | | iy St ditterences,
including the two which did not involve Fsi-3.

The dependence of symmetry on heterozygosity at Fsr-3 suggests that, whether or not 1t
is in allopatric populations, £s7-3 heterozygosity decreases developmental homeostasis,
This is the opposite 1o what has been reported in other studics (sce Section S.1.3).

Rock Pond showed significantly lower symmietry in heterozy gous individuals, at three
different loci. Clearly, the more heterozygous individuals in this population arce
disadvantaged developmentally. This suggests that toreign genes are introgressing into
Rock Pond Pfs-i, to cause this disadvantage.

In summary, sympatric populations of Pfs and Pst were no more heterozygous, nor
any less symmetrical than their allopatric counterparts. However, the sympatric arca
populations of Rock (Pfs-i) and Lost Rd. (Pst) showed a decrcase in symmetry with
overall heterozygosity. When heterozygosity at specific loci was compared 1o symmetry
levels. Rock specimens showed a decrease in symmetry with heterozy gosity it three locr.
These facts provide some evic >nce that sympatric arca populations were negatively affected
by increased heterozygosity. This may be a result of introgression of foreign genes into
sympatnc sites, but the evidence is far from conclusive.

Both allopatric and sympatric populations showed that symmetry decreases with
heterozygosity at the Is1-3 locus, suggesting that 5s7-3 affects, or is closelv linked to a
locus which affects developmental homeostasis. As well, the allopatric Chain Pond Pst
bectles were less symmetrical than other populations, though they were no more or tess
heterozygous.

5.3.4 Estimates of Gene Flow

A summary of gene flow estimates appears in Table 5.7, Dctails of some Iy
calculations appear in Table 5.8. Pairwisc Slatkin's Nm estimates appear in Tables 5.9 and
5.10. Although Nei's estimales are usclul to show relative fevels of gene flow, they cannot
show absolute levels without a realistic estimate of population size. They arce included in
Table 5.7, but further discussion wiil be restricted to Wright's and Slatkin's Nm estimates.

The lowest Slatkin's Nm estimate, 0.009, is just outside the range of accurate
estimation (0.01 to 10), so it may be slightly overestimated. As well, some of the Nm
estimates within Pst, and one of the estimates within Pfs-¢, arc greater than 10, so they
may be undercstimated. The other Slatkin's estimates are within this range, so they provide

useful estimates of gene flow.

95



PO - NSC Thesis

Population sive 1s probably the reason for differences between Slatkin's and Wright's
Nm estimates. Slatkin's estimate treats the sample as the population, rather than as a subset
of the population. 't is corrected for the actual sample sizes; resulting Nm values are
estimates of how many organisms in the sample are migrants. Wright's Nm, on the other
hand, is an estimatc ol gene flow in the population from which the sample came. His
estimate does not actually require a value for N, but the theory behind his technique is
bascd on the assumption of a recasonably large population. Thus, Wright's Nm estimates in
the currcnt study are almost an order of magnitude larger than Slatkin's. These values of
Nm, then, arc not entirely accurate. However, the trends they exhibit, which are the same

& erther measure, arc much more usclul.

Gene Flow Istimates Between Pfs-i and Pst

Both Wright's and Slatkin's cstimates show that gene {low between allopatric P:s-1 and
Pst was very low. It probably was not any higher between locally aliopatric populations in
the sympatric arca, such as Tern Pond (Pfs-1), and Lost Rd. and Pectien Ponds (Pst).
However, gene flow did appear to be slightly higher at Lynch Lakes, the sympu :ic site in
the Pincher Creek arca.

With Wright's Fgp values, one can examinc individual loci and even alleles to see
which ones are causing changes in Wright's Nm estimates (Table 5.8). At Lynch Lakes,
Wright's Nm was slightly higher due to a decrease in the fixation levels of electromorphs.
The allcles in question are ones which were not shared by the two species. This means that
Pfs-1 and Pst were not really any closer to each other at Lynch Lakes; they were simply less
l'xed for their respective alleles.

Allele frequencics of Pincher Creck area populations (Table 2.5) show directly which
changes in frequency affected Py and thus Slatkin's Nm. Slatkin's Nm estimate seems to be
higher at Lynch Lakes because of slight changes in private allele frequency, and because of
fewer private alieles. If more gene flow were going on here, one would expect that alleles
which were private in allopatry, would be shared at Lynch Lakes. This is not the case; the
private alicles present in Pfs-1 and Pst in allopatry, were simply not present in either species
at Lynch Lakes. Table 4.2 shows that allopatric Pfs-i and Pst shared five alleles, while
Lynch Pfs-1 and Pst shared only three. Therefore, the increase in Slatkin's Nm at Lynch
Lakes is duc to a lack of thesc alleles, or to sampling error missing the private alleles, not
an ncrecasc in genc {low. Thus, the bigher gene flow at Lynch Lakes, as estimatcd by

Wright's and Slatkin's mcasures of Nm, i3 not biologically significant.
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Gene Flow Estimates Besween Pfs-i and Pst

Gene flow levels between Pfs-¢ and Pst were somewhat higher than between Prs-i and
Pst. At Wauconda, the sympairic site, Nm was higher th - in allopatry. when the hyvbnd
specimen was taken into account. For these interactions, onc can also examine lrequencies
to find the source of this increased gene flow. According to Table 4.2 allopatric Pfs-¢ and
Pst shared six alleles, while in sympatry they shared 12, This was due o the hybrid
specimen, which was split between the two samples for this analysis. However, details of
Wright's Nm calculations (Table 5.8} show that the higher Nm for Wauconda (as
compared to allopatric populat.ons) was due to a more pervasive shift in the entire
populations of Pfs-c and Pst. Alicle frequencics in Pfs-¢ and Pst at Wauconda, not
including the hybrid, (Table 2.5) have shifted at Pgi, to become more similar. Thus, the
increased Nm at Wauconda appears to be significant, though the small sample sizes
demand a degree of caution.

Gene Flow Estimates Within Species

Table 5.7 also contains gene flow estimates between Pfs-i and Pls-¢. However,
samples of both morphs were very small, so the figures are questionable. The sympatric
population samples arc likely betier examples of Pfs than the small allopatric samples.
Therefore, calculations were made with all population samples of these two morphs, both
svmpatric and allopatric (excluding the hybrid specimen). This is probably o more accurate
cstimate of gene flow beiween these morphs.

Slatkin's pairwise comparisons of ihese Pfs populations (Table 5.9) show what
previous analysis has alrcady shown; there are clearly two morphs of Pfs, which are quite
isolated from each other. These estimates also show that allopatric and Wauconda Pfs-c¢
were not very close genctically. This once again indicates the uncertainty of the genctic
makeup of Pfs-c, which was discussed in Chapter 3.

An cstimate of gene flow within Pst also appears in Tabic 5.7. For rcasons discussed in
the theory scction of this chapter, Slatkin's overall Nm is not accurate. However, Wright's
estimate shows a very high level of geae flow within Pst. Incidentally, this calculation was
also done including the sympatric Pst. The resulting estimate of Nm is much lowcer; only
3.32. This shows that the sympatric Pst samples were somewhat distant from other Pst.
Gene flow into Wauconda only partly explains this. Closer examination of the Fgp
calculations (Table 5.8) shows that sympatric Pst differed from allopatric Pst at the £51-3,
Odh, Pgi, and Pgm loci. Since a shift in allele frequency at Wauconda was only found in
Pgi, more than just the gene fiow at Wauconda made the sympatric Pst genctically distant.

The other sympatric Pst did not show signs of gene flow, yet they were somewhat
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aberrant Pairwise Slatkin's Nm estimates between all the populations of Pst (Table 5.10),
also illustrate this. Pecten, Lynch and Wauconda Pst populations were all somewhat distant

from thec other Pst, thus lowering the overall Nm.

Summuary

Nm cstimates bascd on Wright's and Slatkin's techniques were different by almost an
order of magnitude, but they exhibited similar trends. These values indicate that gene flow
between allopatric Pfs-1 and Pst is very low. There is no conclusive evidence that it is any
higher in sympatry, at Pincher Creck. Although putative hybrids have been found in this
arca (sce Chapler 4), they must be cither infertile, strongly selected against, or so rare that
gene flow is insignificant .

Gene {low levels between allopatric Pfs-c and Pst were slightly higher than for Pfs-i
and Pst, and there was cvidence that it was higher still at Wauconda. This was not entirely
due to the hybrid specimen. Other Pfs-c and Pst there exhibited shifts of allele frequencies
which made them more similar to cach other.

The two morphs of Pfs were closer to each other than cither was to Pst. Gene flow

levels within Pst suggest that sympatric samples were slightly differentiated from other Pst.
5.3.5 Sumimary of Results

In allopatry, Pfs-i and Pst are morphologically and genetically distinct. In the Pincher
Creek sympatric area, discriminant analysis and symmetry data suggested that gene flow
may be taking place, but this was not conclusive. Genetic identities suggested that gene
flow may be occurring there into Pst, but not into Pfs-i. Gene flow estimates indicated that
introgression 1s no more extensive at Pincher Creek than in allopatry. Overall, there is no
conclusive cvidence of gene flow between Pfs-i and Pst at Pincher Creek, despite two
putative hybrids being found there.

There was no evidence of gene fiow at Cypress Hills.

There was stronger evidence of introgression between Pfs-c and Pst, at Wauconda.
Discriminant analysis provided evidence of morphological introgression, and genetic
identity data suggested that gene flow was occurring into Pst. Gene flow estimates aiso
suggested that genetic introgression is occurring.

Nm cstimates indicate that Pfs-i, Pfs-c¢, and Pst are distinct from cach other, and that
Pis-¢ and Pfs-i arc cioser to each other than ecither is to Pst. Within Pst, sympatric

populations from both Pincher Creek and Wauconda are somewhat distant from allopatric
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populations. Other findings were that Z257-3 heterosygotes aprear o be selected agarnst. and

that Chain Pst specimens are highly asy mmetrical.
5.4 Discussion

How distinct arc Pst, Pfs-i, and Pfs-¢? In Chapter 3, differences between altopatnce
populations of thesc species and morphs were discassed. Their distinctiveness will be re-
examined now in the light of sympatric sitc information, using estimates of Nm. Wright
(1931) showed that, regardless of population size, one immigrant cvery two LCNCTRNONS
provides enough genc flow to prevent genctic drift. Thus if Nm is grecater than 0.5, the

populations will not diverge by genetic drift.

5.4.1 P. fossifrons versus P. stygicus

Levels of Gene IFlow

Estimates of Nm indicate that gence flow between Pfs-i and Pst is occurring at such a
low level that these taxa remain separate. There is more evidence that gene flow is
occurring between Pfs-c and Fst, but according to Wright's criterion, it is not high enough

to keep these taxa from diverging by genetic drift.

Selection Against Foreign Genes

There is evidence that foreign genes are being sclected against in Pfs and Pst, which
provides further cvidence that they arc scparate specics. Parental DNA which is not
completely compatible results in offspring which arc unfit. Becausc their mismatched DNA
often results in deletions, inversions, and translocations, they often do not have two
working copies of all genes. There is evidence that this is occurring in Pfs/Pst hybrids.
Comparisons of heterozygosity to symmetry suggest that, in some sympatric populations,
perhaps inbred specimens are developmentally more fit than genetically variable specimens.
This indicates that some genetic information in the sympatric genc pool, perhaps forcign
DNA, may be selected against.

The divergent nature of Pst populations from Wauconda and Lynch Lakes also
provides cvidence that there is some sort of selective pressure in sympatry, which does not
exist in allopatry. In the Wauconda Pst, divergence was partly duc to the inclusion of the
hybrid specimen, but not entirely. It could just be coincidence that loss of (or failure 1o
detect) rare alleles happens to have occurred in some sympatric populations rather than in

allopatric ones. Or these samples could be slightly diverged duc to unusual sclection
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pressures. This could be due to competition with Pfs, or duc to the fact that these sites are
at the edge of Pst range, where environmental conditions are marginal for their survival.
However, it is also possible that pressure from introgressing foreign genes has caused this
divergence.

The facts (discussed in Chapter 4) that no Fy hybrids were found, and that the hybrid
specimens which were found had deformed wings, provide further evidence that DNA
from Pfs and Pst may not be completely compatible, resulting in selection against
hybridization. The Wauconda hybrid specimen may also provide evidence of selection
against foreign genes, depending upon which ancestry is correct. As discussed in Chapter
4, the "genetic error” theory of its ancestry involves the loss of genctic material. If this loss

did occur, then surely there would be sclection against the specimen and others like it.

Taxonomic Status

Docs all this mean that Pfs and Pst are separate specics? That depends which concept of
species ts accepted. The classical biological definition of species is based on reproductive
isolation; any organisms which can produce fertile offspring are the same species (Mayr
1940). This has been developed into the phylogenetic concept of species (INelson and
Platnick 1981, p. 10) which defines any completely diagnosable group as a species. The
existence of fertile Pfs/Pst hybrids indicates a grey area which does not conform to this
definition of species. Recently, other hybridization studies have expo.sed similar grey areas
between species, calling into question this rigid definition. As a resuit, the biological
species concept has been criticized (Sokal and Crovello 1970), and other concepts of
species have been developed (see Templeton 1989, for a revicew).

The recognition concept of species (Paterson 1978, 1985) limits a species to those
individuals which are capable of reproduction, and which recognize each other as potential
matcs. A problem with this concept is that some organisms can form stable hybrid zones in
arcas of sympatry, yet still maintain their difi. 1cuces outside of those areas (for example,
hybndization in swallowtails of the Papilio machaon specics greap; Sperliag 1957).

A morc recent idea is the cohesion concept of species (Templeton 1989), which swaies
that a specics is made up of organisms which have similar reproductie systems, and share
the same fundamental niche. This allows for limited reproductive overlap, but one siill must
decide what range of variation to encompass within the limits of a species. There will
always be individuals, and even whole populations, which live in slightly different
cnvironments, or have adapted to their environment slightly differently, so they do not
share the same niche. Like previous concepts, the cohesion concept of species runs into

difficultics because it attempts to restrict variable, changing entitics to a single calegory.

100



POHLL - MSe Thesis

The biological, recognition, and cohesion species concepts show a trend towards o
morc specific definition, but they still attempt to restrict all organisms into discrete
positions. The evolutionary concept of specics (Simpson 1961) defines a species as o
group which shares a common cvolutionary fate. This recognizes the dynamic nature of
life, but the "cevolutionary fate” of living organisms lies in the future, so it cannot be apphied
and tested in the present.

We need some notion of species, because we need to delimit groups of organisms if we
want to study them. However, we have to keep in mind that these groups are artiticual
constructs. Sexual organisms ar¢ under two evolutionary pressures, the pressure to adapt to
their environment and thus survive and reproduce, and the pressure to remain similar
enough to other organisms that they can exchange genetic material. These opposing
pressures arc dynamic over time and space, and result in a patchy distribution of living
things in multidimensional space, with a few individuals scattered between patches. We
think of those patches as specics, but no matter what parameters we usc to categorize them,
there will always be cases where a few individuals fall in betwecen patches. A classilication
system with discrete compartments cannot always be applied to complex, living orgonisms.
Thus we must accept a very unscicmific notion; a concept which cannot be precisely
defined. If we sce species as collections of organisms which are simuiiar, but not exactly the
same, and that not ail organisms fit nicely into these categories, we will be closer to reality.

From this viewpoint, I consider Pfs and Pst to be separate species. Individual
specimens can usually be assigned to one or the other taxon, when several characters are
examined. Hybrids are rare, and are strongly selected against, to preserve the scparate gene
pools. Because there are very few hybrids, this is actually a fairly clear-cut case; a more

problematic situation may exist between the morphs of Pfs.
5.4.2 Status of P. fossifrons morphs

Wright's estimate of gene flow for Pts-i versus Pfs-c shows that gene flow is not high
cnough between these morphs to prevent genetic drift. Although slight morphological and
clectrophoretic differences have been found, the division between Pis-¢ and Pfs-i is not
clearly defined. Reproductive isolation between the two morphs has not been
demonstrated, so they will not be formally recognized taxonomically. it is likely that Pfs-c¢
and Pfs-1 can interbreed, but they could well accuimuiate enough differences in the future to
become incapable if interbreeding. Though Pfs-c and Pfs-i arc currently similar cnough to
be classed as the same species, they could well be species in the making; diverging at this

very moment. These morphs illustrate that, within a group considered to be a specics,
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different populations can be responding to different environmental pressures, and can thus

be evolving in different dircctions.

5.4.3 Homogeneity of P. stygicus

Wright's critcrion shows that there is more than enough gene flow betwceen populations
of Pst {or any to become reproductively isolated by genetic drift. Pstis clearly a much more

homogencous species than Pfs.

5.4.4 Other Questions

Selection against Est-3 Heterozygotes

Why are Fst-3 heterozygoles selected against, as indicated by their ¢ reased symmetry
in several populations? If selection against Ist-3 heterozygotes werc strong cnough, the
Hardy-Weinberg cquilibrium of these populations ought to have been affected. However,
I-s1-3 was not responsible for any more disequilibrium than other loci were (Table 2.2).
The average probability of a sampie's conformity to Hardy-Weinberg cquilibrium at the
I’s1-2 locus was 0.584, compared to 0.334 for Est-1 and 0.567 for Pgm (the other loci had
probabilitics greater than that for Est-3). Therefore, Esi-3 was not the most likely locus to
be in “'sequilibrium. However, it is interesting to note that the one case of disequilibrium
duc to the FEst-3 locus was caused by a deficiency of heterozygotes. Although FEst-3
heterozygotes develop more asymmetrically, sciection against them does not gencially
appecar 10 be strong enocugh to cause significant mortality. These heterozygous beetles
usually live; they just do not develop as smoothly.

Krisch (1971) claims that esterases have been implicated in detoxification reactions. It
could be that different electromorphs interact in such a way that they are less efficient at
detoxification of substances they encounter. Selection against heterozygotes has been found

in other insccts, for example the bark beetle Dendroctonus ponderosae, at the Me locus

(Langor and Spence 1991).

Asymmetry of Chain Ponds Pst

Another question raised is, why were Chain Pst so asymmeitrical? Except for the
sclection against [£s7-3 heterozygotes, which was aiso found in other populations, there
was no trend ror heterozygotes in this population to be any more or less symmetrical than
homozygotes. The population as a whole just has a lower level of symmetry than other
populations of both Pst and Pfs. | think this has something to do with the habitat. This site
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is at an altitude of approximately 1500m, and is heavily shaded by the Livingstone
Mountains. Development of beetles there is at least twao weeks behind that of other sites in
southwestern Alberta. Perhaps the short summer exerts pressure on these specimens, and
results in asymmetrical growth. This pressure must be stronger than the pressures
associated with sympatry at Pincher Creek, because Chain Pst were less symmetnical than

Pincher Creck sympatric populations.

Comparison of Nm Istimation Techniques

This chapter also illustrates the different strengths of Wright's and Slatkin's Nm
cstimating procedures. When several populations are being compared simultancously,
Wright's estimate can delect subgrouping of these populations, but Slatkin's cannot.
However, Wright's estimate cannot detect which populations are subgrouped. Although
overall Slatkin's estimates fail in this instance, pairwise Slatkin's estimates can detect the

naturc of thesc subgroupings.

Phylogenetic Positions of Pfs and Pst

A final s “ies of questions raised by data examined in this chapter arc; how are Pls and
Pst related phylogenctically? Are they sister species? Could Pst, Pls-i, and Pfs-¢ be
different surviving populations of an ancestral species, and thus form a monophyletic
group, ¢r corifd they have converged from difterent parts of the Patrobus phylogenctic tree?
These questions cannot be answered by the results at hand, but Chapter 6 explores them
further.

5.5 Summary

Morphological and electrophoretic data, includin heterozygosity and symmetry
information, were examined for indirect evidence of gene flow between Pfs and Pst.
Estimates of gene flow were also calculated from clectrophoretic data, using the techniques
of Nei (1978), Wright (1951), and Slatkin (19854).

Results were inconclusive for gene flow between Pfs-1 and Pst. There is no clear
evidence that gene flow is any greater in sympatry than in allopatry, despite the fact that
two putative hybrids were found. There was more cvidence of gene flow between Pis-c
and Pst. A hybrid specimen was found which was at least an Fz, indicating that at lcast
some hybrids are fertile.

Gene flow between these taxa is at a low cnough level that they remain distinet.

Individuals of thesc species encounter once another at the sympatric sites, and occasionally
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hybridize, but foreign genes are selected against in both Pfs and Pst. Evidence of selection
Gmanst foreign genes includes the increased asymmetry of some sympatric populaiions of
Pls and Pst, the divergence of sympatric populations of Pst, the abscnce of the F
generation of hybrids, the reduced wings of hybrids, and one of the possible ancestries of
the Wauconda hybnd specimen. Even though Pfs and Pst do not conform completely to the
reproductive isolation concept of species, they remain classified as separate species,
bccause strong barricers exist between them. They are an example of the grey areas which
often exist between species, because our rigid species definitions do not always portray the
complex, dynamic living world accurately.

An morc uncertain sttuation was found within Pfs. Pfs-c and Pis-i are fairly diffcrent,
and gene flow is insuff:cient to keep them from diverging. These morphs are clearly
moving in scparate dircctions evolutionarily. However, no clear division could be found
between them, so they arc considered to be tiie same species. They are probably species in
the making, and ilivsirate tha not all individuals of a "species™ are the same. These morphs
have morpnological, eleciraphworetic, and ecological differences, and because they are
responding to different evolutionary pressures, they are on different evolutionary paths.

Populatons of Pst were found to be homogeneous.

Other findings arc that Est-3 heterozygotes are less fit developmentally, and that Chain
Pst specimens ure particularly unfit developmentally. The former is hypothesized to be due
o incompaltibility of some Esz-3 alleles. The latter is hypothesized to be due to extreme

cnvironmental conditions at Chain Ponds.

104



PO - NMISe Thesis

Table 5.1: Test of a sample of 16 Rock Pond 'mland’ P. tossifrons males tor
significance of bilateral variances. R1.1 = length of tused costa, subcosta, and tadius: R1.2
= length of Ry vein extending from R ‘1 = length of the cubital vein between the two
cubito-anal cross-veins; W2 = width wedge cell. F = F-test result; di = degrees of

freedom; p = probability that the measurement error variance is greater than the bifateral

vanance.
MEASUREMENT  MEASUREMIENT BILATERAL
CHARACTER ERROR (%) ERRORVARIANCE  VARIANCT: b «dh P
R1.1 0.8 0.62 10,348 16.696 (15,96) 0.0001
Ri.2 5.7 1.062 RIR A 2.376 (15.96) 0 0039
W1 0.5 0.349 4515 12,937 (13,96) 0000 |
WZ 2.3 0.188 1.82 9.705 (14,93) 0.0001
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Table 5.3: Heterozygosities of Patrobus population samples. Wauconda
heterozygosities are listed both without the hybrid, and with the hybrid split between
‘coastal’ P. fossifrons and P. stygicus. N = sample size: t= t-test for difterences in

heterozygosity between sympatric and pooled allopatric samples; d.f. = degrees of

freedom; p = probability that the heterozygosities are similar.

Species & Morph:
Population (N)

Heterozy gosity t-test vs. pooled allopatrie samples
+ SE ! d.l. p

‘inland’ P. fossi{rons

pooled allopatric (6) 0.188+.028 - - -
Tern (14) 0.089+.028 2.501 14.3 0.025
Rock (40) 0.119+.019 2.018 10.7 0.071
Lynch(32) ‘ 0.137+.021 1.446 1.8 0.176
‘coastal’ P, fossifrons
pooled allopatric (3) 0.250+.072 - - -
Wauconda (no hvbrid) (18) 0.188+.027 0.810 2.6 0.503
__Wauconda (+hyorid) (19) 0.191+.026 0.722 2.5 0.521
P. stygicus ' -
Chain (55) 0.109+.012 - - -
George (44) 0.088+.017 - - -
Hinton (23) 0.158+.021 - - -
pooled allopatric (127) 0.109+.009 - - -
Lost Rd. (53) 0.090+.014 1.175 97.3 ().243
Lynch (9) 0.111+.049 0.038 8.6 0.971
Pecten (€) 0.109+.037 0.003 7.9 ).99%
Waucor Ja (no hybrid) (8) 0.141+.044 0.701 7.6 0.506
Wauconaa (+hybrid) (9) 0.153+.040 1.049 8.8 (1.325
Table 5.4: Bilateral variances (symmetrics) of wing measurements, for large sumples of

Patrobus. Pfs-i = ‘inland’ P. fossifrons; Pst = P. stygicus. R1.1 = length of the sclerotized
area of the fused costa, subcosta, and radius; R1.2 = length of the Ry vein extending from
R1.1; W1 = length of the cubital vein between the two cubito-anal cross veins; W2 = width
of the wedge cell. Sample sizes are in brackets.

CHARACTER

POPULATION: R1.1 R1.2 W1 W2

Lynch (Pfs-1) 1.143 (35) 1.088 (34) 2.714 (35) 0.426 (34)
Rock (Pfs-1) 2.344 (32) 1.067 (30) 2.152 (33) 0.276 (29)
Chain (Pst) 7.634 (41) 2.100 (40) 3.837(43) 0.372 (41)
George (Pst) 3.385(26) 1.917 (24) 1.594 (32) (.32 (29)
Lost Rd. (Pst) 4.630 (46) 1.744 (43) 1.449 (49) 0.261 (45)
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Table 5.5: F-tests of bilateral variances of wing measurements (Table 5.4) of large
samples of Patrobus. Pfs-i = “inland’ P. fossifrons; Pst = P. stvgicus. R1.1 = length of the
sclerotized arca of the fused costa, subcosta, and radius; R1.2 = length of the Ry vein
extending from R1.1; W1 = length of the cubital vein between the two cubito-anal cross
veins; W2 = width of the wedge cell. Numbers in the table are F test results, with degrees
of frecdom in brackets. Direction of significant differences at a 95% confidence interval are
indicated, with “ns’ indicating no significant difterence.

CHARACTER

COMPARISON R1.1 R1.2 Wi W2
Lynch (Pfs-1) vs. 2051 (3134 1.020 (33.29) 1.261 (34.32) 1.543 (33.28)
Rock (Pts-1) Rock=>Lynch ns ns ns
Lynch (Pfs-1) vs. 6.679 (4034 1.930 (39.33) 1414 (4234 1.145 (33,40
Chain (IPst) Chain>l.ynch ns ns ns
Laynch (Pfs-1) vs. 29062 (2534) 1.762 i2333) 1.703 (3+.31) 1.299 (33.,28)
George (Pst) George>l.ynch ns ns ns
Faynch (Pfs-1) vs. 1051 (4534 1.603 (42.33) 1.873 (34, 48) 1.632 (33,44
f.ost Rd. (Pst) Iost Rd>lynch ns Lynch>lost Rd. ns
Rock (Pis-1) vs. 3257 (3031 1.968 (39.,29) 1.783 (42.32) 1.348 (44.238)
Chain (Pst) Chain>Rock ns ns ns
Rock (Pfs-1) vs. 1.4 (2531 1.797 (23.,29) 1.350 (3231 1.188 (28,28)
Gicorge (Pst) ns ns ns ns
Kock (Pfs-1) vs. 1.975 (45331 1.634 (42.29) 1.485 (32.48) 1.057 (28.43)
I.ost Rd. (Pst) ns ns ns ns
Chain (Pst) vs. 2255 (3"25) 1.095 (39.23) 2407 (42.31) 1.134 (40,28)
Creorge (Pst) Chain>George s Chain>George ns
Chain (Pst) vs. 1.649 (40,45) 1.204 (3942) 2.648 (42, 48) 1425 40,44
I.ost Rd. (Pst) ns ns Chain>l.ost Rd. ns
George (Pst) vs. 1.368 (45.25) 1.099 (23 .42) 1.100 (31,48) 1.257 (28 44)
Tost Rd iPst) ns ns s ns
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Table 5.6: Bilateral variances of homozygotes (hom) and heterozygotes (hed) at vanous

loci, for large samples of Patrobus. R1.1 = length of the sclerotized arca of the Fused cos,

subcosta. and radius; R1.2 = length of the Ry vein extending from Ri.1; W1 = length of

the cubital vein between the two cubito-anal cross veins: W2 = width of the wedge cell

Comparisons with less than three homozy gotes and heterozy gotes are deleted. F-test results

indicare direction of significant differences at a 95% confidence interval, with “ns’

stgrufying no significant difference.

Population CHARACTER
Locus  Group RI.1 R1.2 Wi W2
Lyvnch (“inland’ P. fossifrons):
Est-i:  homozygotes 0.941 (17) 2.58R (17) 3833 (1¥) 033317
heterozygotes 1.267 (15) 1.300 (1) 1.600 (15) 0589 (1)
N I-test ns ns ns ns
Fs1-3: homozygotes 1.238 (21) 1.650 (20) 1429 21) 0.263 (19)
heterozygotes 1.000 (14) 2714 (1H 4643 (14) 0.633 (15)
F-test ns ns het > hom ns
Odh: homozygotes 1.100 (303 2.200 (30) 3.033 (3 0425 (3
heterozygotes 1.300 (5) 1.250 (3) 0.8 (5) 0438 (4)
) F-test ns ns ns ns
Pgm:  homozygotes 1.094 (32) 2,129 (31) 0.379 (31)
heterozygotes 1.667 (3) 1.667 (3) N oA 0917 (3)
_ I-test v i > ns
Rock (“inland” P. fossifrons):
Isi-1:  homozygoles 2,154 (206) 1.375(24) 2.080 (23) 020221
heterozy gotes 3.167 (6) 5833 (0) 2.375(8) 0469 (¥)
7 F-test ns het > hom ns ns
Est-3:  homozygotes 1.611 (18} 0.938 (16) 2111 {18) 0.339(¢(14H)
heterozygotes 3286 (1) 3.786 (14; 2200 (15) 0O217¢15)
. F-test s het > hom ns ns
Qdh: homozygotes 2.080 (25) i.542 (24 1.692 (26) 0.239(23)
heterozygotes 3286 (7) 5.167 (6) 3837 (7) 0417 (6)
F-test ns het > hom ns ns
Chain (P. stvgicus):
Est-1: homozygotes 6.621 (29) 7.931 (29) 14.600 (30) 0.343(27)
hewrozygotes 10.08 {12) 4182 (11) 2077 (13) 0429 (14)
F-test ns ns ns s
Est-3:  homozygotes 6.968 (31) 4.300 (303 1.848 (33) 0.383(32)
heterozygotes 9.700 (10) 14.70 (10) 10,26 (10) 0.333(9)
F-test ' s het > hom het > hom s
Odh: homozygotes 7.289 (38) 7.000 (37) 4.075 (40) 0 368 (38)
heterozygotes 12.00 (3) 5667 (3) 0.667 1) 0417 (3)
v F-test B ons ns 1 ns
Pgn:: homozygotes 7.472 (36) 0.399(37)
heterozygotes 9.000 (3) NA N A 0167 (3)
F-test ns ns
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George (P. stvgicus):

Fst-1: homozygotes 3714 (21) 6238 (21) 1.577 (26) 0.326 (23)
heterozygotes 2.000) (5) 5.667 (3) 1.667 (6) 0.125 (6)
Fotest _.ns ns _ns ons
Fs1-3: homozygotes 2.227 (22) 4250 (20) 1.750 (28) 0.33C (25)
heterozygotes 6.750 (4} 15.75¢3) 0.500 (1) 0313 4)
Foest et > hom, _ns ooons o ....Bs
Pgm:  homozygotes 3.727 (22) 6.250 (20) 1.654 (26) 0.260 (24)
heterozygotes 1.667 (3) 6333 (3) 1.400 (3) 0.813 (4)
o B _ms. _..ns Loms s
Lost Rd. (P. stygicus): ‘ o
FEst-1:  homozygotes 3.758 (33) 5.097 (31) 1.583 (36) 0.250 (32)
heterozygotes 6.846 (13) 5250 (12) 1.077 (13) (0.288 (13)
Fst-3: homozygotes 3.514 (37 4.265 (34) 1.667 (39) 0.201 (36)
heterozygotes 9222 (%) 8441 (9) 0.600 (10) 0.500 (9)
- Fetest ~ het > hom . ns ns . ns
Pem:  homozygotes 4.643 (42) 4.769 (39) 1511 (45) 0.274 (42)
heterozygotes 4.500G (1) 8750 (4) 0.750 (4) 0.083 (3)
f-test n: ns ns ns
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Table 5.7: Estimates of gene flow between Patrobus species and morphs. D = Net's
(1978) unbiased genctlic distance; m = proportion of immigrants per generation; st =
Wright's (1951) correlation coefficient; Nm = number of immigrants per generation; P} =
average frequency of private allcles (Slatkin; 1985a).

Nei Wright Slatkin
COMFARISON: D m Fyr Nm P Nm
‘coastal’ P. fossifrons vs. P. sty gicus
allopatric 0.82.. 1.55x10°© 0.490 0.260 0.348 0.012
Wauconda (no hybrid) 0.706 1.95x10°° 0.516 0.234 0.575 0.042
Wauconda (+ hybrid) 0.647 220x10° 0..469 0.286 0.544 0.046
A l_’_._f()ssil'r()néiwts. P_st i R R G I b it
allopatric 0.898 1.37x10° (3.673 G.121 0.378 0.C09
Lost Rd. & Pecten vs. Rock 0.886° 1.40x10°07 0.689  0.113 0.411 0.018
Lost Rd. & Pecten vs. Tern 0.904° 1.36x10°6% 0.729 0.093 0.396 0.022
Lynchlakes 0860  1L47x106 0668 0124 0503 0035
‘coastal’ vs. "inland' P. fossifrons »
allopatric populations 0.319 5.32x10°6 0.329 0510 0491 0.204
A al[ p()pulutions o 0.467 3.36x10° 0.414 0.354 0.14% 0.650
traspecific P, sty gicus Ll OX Y o TR A e NI LY
allopatnc populations -- -- 0.014 176 0.025 4.98
all populations -- -- 0.070 332 0.006 61.2

* based on averages of pairwise compansons.
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Table 5.8: Wright's (1951) F-statistics of eicctrophoretic data, for species and morphs
of Patrobus. Fig = fixation index of individuals relative to subpopulations: Fyp = fixation
index of individuals relative to the total populaiion; Fey = fixation index of subpopulations
relative to the total population.

‘coastal’ P. fossifrons vs. P. stygicus:

allopatric populations Wauconda (tncluding hybrid)

docts o hs o Br Fey Fls Fri Far
Ao - 1.000 1.000 -0.040 0.924 0.927
Apk 0.977 0981 0.194 — -
Est-1 0.646 0.805 0.450 0.593 0.797 0.501
Est-3 0.360 0.617 (.401 0.097 0.378 0312
Hk -0.025 -0.012 0.012 ~ - -
Odh 0444 01419 0.598 0.582 0.821 .572
Pgi 0.290 0483 0.271 -0.219 -0.153 0.054
Pem 0359 0166 0386 0.091 0.326 0.260
Mean 0.254 0.619 0.490 (.221 ().588 0469
‘inland’ P. fossifrons vs. P. stygicus:
allopatric populations Foynch Lakes
LOCUS Fis Fir Fgr Fig Frp Fsy
Ao - 1.000 1.000 - 1.000 1.000
Apk -0.005 -0.003 0.003 - - -
Est-7 -0.114 0.428 0.487 0.040 O.-441 0418
Est-3 -0.309 0.352 0.505 0.080 0.590 0.554
7k -0.025 -0.012 G012 -0.014 0.7 0.007
Odh -0.072 0.795 0.809 -0.160 0.608 0.662
Pgi 0.059 0.915 0910 -0.039 0.894 0.900
_Pem 0026 -0.020 0.006 0443 -0.021 0.021
Mean -0.149 0.6241 0.673 0.002 0.668 0.668
intraspecific P. stygicus:
allopatric populations all populations
LOCLIS Fis kit Fgr big Fry sy
Ao - - - - -
Apk -0.017 -0.007 0.010 0.015 L0004 0.010
Est-1 0.125 0.140 0.017 0.172 0.195 0.027
Est-3 0.056 0.070 0.050 .001 0.148 0.147
Hk -0.035 -0.030 0.005 -0.033 0018 0.015
Cxih -0.039 -0.028 0.010 -0.112 -0.034 0.070
Pgi 0.046 0.061 0.015 -0.101 -0.028% 0.066
Pgm 0016  -0004 0012 0.136 0.178 0.049
N fean 0.050 0.063 0.014 0).052 0.118 0).070
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Tablc 5.9: Slatkin's (1985a) pairwise Nm cstimates between Patrobus fossifrons

populations. Pfs-c¢ = ‘coastal' P. fossifrons; Pfs-i = 'inland' P. fossifrons. #P1 = number
of private alleles; N = average sample size; P = average frequency of private atleles; Nm =
estimated number of individuals per gencration which are migrants, corrected for a sample

stzc of 25.

COMPARISON #P) N P Nm
allopatric Pfs-c vs. Wauconda (Pfs-¢) 7. 94 0270 0283
allopatric Pfs-1 vs. Tera (Pfs-1) 3 10.33 0.073 3.428
allopatric Pfs-1 vs. Rock (Pfs-1) 2 52.50 0.043 1.946
allopatric Pfs-1 vs. LLynch (Pfs-1) 1 35.00 0.014 25.654
L.ynch (Pfs-1) vs. Rock (Pfs-i) 3 46.67 0.033 3.600
Lynch (Pfs-1) vs. Tern (Pfs-1) 4 31.50 0.045 3.004
Rock (Pfs-i) vs. Tern (Pfs-i) S5 45.80 0.050 - 1617
allopatric Pfs-c vs. allopatric Pfs-i 9 400 0491 - 0.204
allopatric Pfs-¢ vs. Lynch (Pfs-i) 10 16.10 0.443 0.062
allopatric Pfs-c vs. Rock (Pfs-1) 7 23.57 0.381 0.057
allopatric Pfs-c vs. Tern (Pfs-1) 10 7.30 0.475 0.119
Wauconda (Pfs-c¢) vs. allopatric Pfs-i 8 13.50 0.587 0.042
Wauconda (Pfs-¢) vs. Lyvnch (Pfs-i) 9 25.89 0.519 0.028
Wauconda (Pfs-¢) vs. Rock (Pfs-1) 6 35.33 0.505 0.022
Wauconda (Pfs-¢) vs. Tern (Pfs-1) 9 17.78 0.592 0.032
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Table 5.10: Slatkin's (1985a) pairwise Nm estimales between Patrobus stygicus

populations. #P1 = number of private allcles; N = average sample size: Py = average
frequency of private alleles; Nm = estimated number of individuals per generation which
are mi grants, corrected for a sample size of 25.

COMPARISON #P) N P Nm

=

Chain vs. George 2 81.00 0.006 S8.111
Chain vs. Hinton 3 53.67 0.014 17.175
Chain vs. Long 2 52.50 0.033 3.334
Chain vs. Lost Rd. 3 67.00 (3.020 7.131
Chain vs. Lynch 8 60.13 0.038 2.098
Chain vs. Pecten 7 68.14 0.037 1.9R0
Chain vs. Wauconda 7 68.14 0.034 2352
George vs. Hinton 3 78.33 0.016 9.051
George vs. Long 4 70.25 0.017 8,989
George vs. Lost Rd. 3 78.33 0.014 12.682
George vs. Lynch 10 67.50 0.032 2.737
George vs. Pecten 9 73.11 0.019 6.960)
George vs. Wauconda 9 73.11 0.025 4.198
Hinton vs. Long 5 32.20 0.022 11.831
Hinton vs. Lost Rd. 4 54.75 0.024 6.109
Hinton vs. Lynch 7 22.14 0.057 2.643
Hinton vs. Pecten 6 24.67 0.054 2.569
Hinton vs. Wauconda 3 22.50 0.04% 3.584
Long vs. Lost Rd. 3 54.67 0.010 33.086
Long vs. Lynch 6 32.50 0.029 6.972
Long vs. Pecten S 20.22 0.040 3.943
Long vs. Wauconda 7 31.43 0.044 3.049
Lost Rd. vs. Lynch 7 64.57 0.013 16.086
Lost Rd. vs. Pecten 8 64.75 0.017 9.435
Lost Rd. vs. Wauconda 8 64.75 0.028 3.676
Lynch vs. Pecten S 8.60 0.129 1.334
Lynch vs. Wauconda 3 9.00 0.130 1.266
Pccten vs. Wauconda 6 8.50 0.148 1.029
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18

X axis: heterozygosity
Y axis: bilateral variance

&——0 R].1 - length of sclerotized area of
fused costa, subcosta, and radius.

B—# RI1.2- length of R vein extending
from R1.1.

O-—-0 W1 - length of cubital vein between
the two cubito-anal cross veins.

O-—-8 W2 - width of wedge cell.
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Rock 'inland' P, fossifrons Chain P. stygicus
18
12 4

Lynch ‘inland' P, fossifrons ] Lost Rd. P. stygicus

Figure 5.3: Heterozygosity versus bilateral variance of wing measurements, in Patrobus
populations. Data for character W2 are10X the bilateral variance. Measurement error
variances are 0.62, 1.062, 0.349, and 0. 188, respectively, for R1.1, R1.2, W1, and W2.
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6. RELATIONSHIPS IN THE GENUS PATROBLUS

6.1 Introduction

During the course of this project, specimens of all six North American species of
Patrobus werc collected, as well as of the European P. atrorufus. Since clectrophoretic data
were being collecied from these specimens, an opportunity was at hand to test the
currently-accepted phylogeny of Patrobus, based on morphological characters.

The current understanding of relationships among the Patrobus species examined here
(Figure 1.2) is based primarily on the work of Darlington (1938), Kiihnelt (1941), and
Lindroth (1961). (For a discussion of these studics, sec Chapter 1.) These workers rehied
primarily on examination of the male genitalia to formulate their hypotheses. Despite the
fact that this structurc provides many uscful characters, it is limited (o a single system. To
be reliable, a phylogenetic data sct ought to employ characters from as many dilfcrent
functional systems as possible. From this perspective, the clectrophoretic data set examined
here is also very limited, but it provides an independent test of the morphologicalty-based
ny pothesis.

6.2 Theory
6.2.1 Morphological versus Electrophoretic Characters

Both morphological and electrophoerctic characters are susceptible to homoplasies, due
to random effects as well as to selection of certain morphological or molccular
configurations. Neither form of data is inherently superior to the other; the value of cach
depends entircly on the sort of problems being explored.

In morphological studies, characters can gencrally be described and ordered imto
transformation scries for phylogenelic analysis. Electrophoretic characters are more difficult
to treat. Electrophoretic data consist of different alleles or electromorphs in different
combinations at various loci. Currently there is much debate about which of these is the
‘character', what constitutes the 'character state', and how the character states ought to be
organized into a transformation nctwork.
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6.2.2 Genetic Distance Analysis

One solution to the problems posed above is to do a phenctic analysis based on
pairwisc distance measures. The most widely used distance measures arc Neit's (1972,
1978) distances, Rogers' (1972) distance, Cavalli-Sforza and Edwards (1967) arc and
chord distances, and the Prevosti, or Manhattan (Wright 1978) distance.

Nei’s and Rogers’ distances mcasure differences in homozygosity, while the others
measure differences in heterozygosity. Nei's and Rogers' distances were criticized by
Wright (1978) and Hillis (1984) for being unduly influenced by the levels of
heterozygosity within populations. As well, Net's distances arc nonmetric, so they are not
indicative of the actual amount of cvolutionary change which has becn observed (Farris
1981). Nei's, Rogers', and Prevosti's distances also have a problem in that they consider
cqual differences in allele frequency as equally important. This is undesirabile, because 1t
causcs these measures to underestimate the importance of unique alleles (Wright 1978,
Swofford and Olsen 1990). Overall, I feel that the Cavalli-Sforza and Edwards arc distance

is supcrior. {t is expressed as:

(6.1] D= V(l/L)-EL (ZCOS"’Zi\é(;Yi It)

where D is the resulting distance measure, L is the number of loci, i is the number of
allcles at locus L, and X and Y are the frequencies of alleles i in the two populations being

compared.

Distance Phenogram Construction

After sclecting a distance measure, one must choose a method of tree construction. One
technique, cluster analysis, is the successive combining of the two most similar taxa or
groups of taxa into onc group, until all the taxa are connected. This method has been
criticized by Farris (1981) and Swofford and Olsen (1990) for its assumption of a constant
ratc of evolution.

Additive methods such as that of Fitch and Margoliash (1967) correct for unequal rates
of evolution. These methods search for the shortest tree by minimizing the percent standard
deviation of the tree. However, Farris (1981) and Swofford and Olsen (1990) criticize both
the Cluster and Additive techniques, for allowing negative branch lengths. As this cannot
be possible in nature, these methods do not portiay evolution accurately.
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Both Farris (1981) and Swofford (1981) recommend the distance Wagner analvsis, a
maximum-likelihood estimate of phylogeny (Kluge and Farris 1969). 1t does not assume o
set rate for evolution, and it does not allow branch lengths to be less than the actual
observed distance between taxa. Just as phylogenctic analysis of discrete characters seeks
to minimize homoplastic events, Wagnerian distance analysis minimizes branch lengths,
with the obscrved genctic distances as minimum values. | feel that it is the best phenetic tree
building method.

6.2.3 Discrete Character Analysis

Since phenetic techniques do not accuraicly portray cvolutionary processes, many
attempts have been made to apply phylogenetic techniques to clectrophorctic analysis.
However, two major problems arise: 1, whether to treat the focus or the allele as the
character, and 2, whether to usc allele frequency data or simple presence/absence as the
Ciaracter states.

Lok As Characters

Mickevich and Mitter (1981, 1982), and Buth (1984) contend that the locus is the unit
undergoing evolution, so it should be the character. This recognizes that the allcles at a
locus are not entirely independent, since one allele could replace other alleles at that locus
either by sclection or random drift.

»

One form of analysis treating the locus as character, used by Richardson and Smouse
(1976) and Richardson et al. (1977), is to treat the weighted average of all electromorph
mobilities at a locus as a phenotype. Because this procedure makes the contentious
assumption that there is phylogenetic information in the mobilities, and because fast and
slow electromorphs can cancel each other out, and not have any influcnce on the average
mobility, I do not feel that it is valid.

Another technique is lo treat the various combinations of allcles, and possibly their
frequencies, as the character statces. Attempis have been made 1o order these character states
into transformation series on the basis of relative mobility (Ohta and Kimura 1973), or by
putting different weights on losses and gains of alleles (Mickevich and Mitter 1981, 1982).
Another method (Mickevich and Mitter 1981, 1$82) builds a transformation sequence and a
phylogeny from the same data, and then uses each to support the other. This method has
yet to be described adequately by the authors, and appears 0 be based on circular
reasoning.
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A fundamental problem with all of these techniques treating the locus as the character is
that, while frequencies of alleles at a locus are somewhat dependent on cach other, the
presence or absence of alleles in a population is not. Alleles can appear or disappear
indcpendently of other alleles at that locus, resulting in complex relationships between allele
combinations. This can result in what I call multidimensional transformation networks
rather than lincar transformation serics. ! feel that, to be useful in phylogenetic analysis,
clectrophoretic loci must be arranged as simpler characters which form onc-dimensional

transformation scrics.

Alleles As Characters

To analyze transformation networks, some workers have suggested that the alleles be
considered as the characters. Frequencies, or simple 'presence/absence’ of alleles can then
be uscd as the character states.

Use of frequencies has been criticized because they are subject to major changes over
very short periods of time (Crother 1990), and because it would cause the characters (the
alleles), to be dependent on each other (Mickevich and Johnson 1976, Farris 1981).
Mickevich and Johnson (1976) suggested that, to make alleles independent of onc another,
they be treated as binary characters, with the two states being 'present' and 'absent'. The
resulting collection of independent characters at a locus would then be similar to the
complex locus-character discussed previously, except that all the complex branches of the
transformation network would be supported by individual character synapotypies. I feel
that this is an accurate, systematic way to portray these transformation networks.

A problem with the 'allelcs-as-characters' model is sampling error. Unless samples are
very large, 1t is possible to code rare alleles as 'absent’ when in fact they are present at low
frequencices. The effect of not detecting rare alleles is that taxa represented by small sample
sizes would be artificially distant in the analysis. To avoid overlooking rare alleles,
Mickevich and Johnson (1976) suggested that alleles with a frequency of less than 0.05 be
excluded from analysts. However, some synapotypies can be missed when the rare alleles
arc deleted. As well, ignoring all rare alleles implies that alleles with low frequencies are
less important than those with higher frequencies. This goes against all the arguments that
frequencics are not usceful; how can frequencies tell us which alleles are important, if they
arc subject to great change within evolutionary time? The drawbacks of both of these
techniques are a necessary evil with the current understanding of electrophoretic data.

Ovcrall, I feel that the absolute criterion has more validity when sampies are very large,

becausce the chances of not detecting rare alleles in large samples is quite small. However,
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with smaller samples (< 25 individuals), T feel that the 5 criterion is trobably better than

absolute 'presence/absence’.

Phylogeny Reconstruction

As in phenctic analysis, after determining churacters and character states, discrete
character data are used to construct the most parsimonious tree. The best analysis would be
an exhaustive search of all possible tree topologics, for the one with the fewest
homoplasies. Unfortunately, even today's powerful compaiters cannot handle exhaustive
searches of even moderatcely sized (20 taxa or so) data sets, so phylogenies often have to be

estimated by some other technique, such as Wagner analysis.
6.2.4 Summary

Electiophoretic and morphological data have different strengths and weaknesses, with
neither being inherently superior. Analyzing morphological data is usually straightforward,
but there are several approaches to clectrophoretic data analysis, nonc of which is
universally accepied.

After comparing several pairwisc distance analysis techniqucs, I conclude that the most
reliable method is to use the Cavalli-Sforza and Edwards arc distance in a distance Wagner
analysis.

[ feel that phylogenetic analysis of discrete characters is superior o any distance-based
technique, becausc it more accurately reflects the process of evolution. Although the locus
intuitively seems to be the character, treating it as such results in problems relating character
states to one another. I feel that analysis is best done with the allcles as binary characters,
coded as 'present' or 'absent'.

6.3 Materials and Methods
6.3.1 Specimens Examined

Electrophoretic data were collected from ‘coastal’ and ‘inland’ P. fossifrons, P.

Unfortunately, specimens of the most closely-related genus to Patrobus, Platypatrobus,

were not collected, so the next-closest genus Diplous was used as an outgroup. Two
Diplous species were collected: D. aterrimus and D. californicus.
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Specimens were scored for clectromorphs at eight foci, and allele frequeicies of the
various samples were calculated. Samples were then tested for conformity 1o Hardy-
Weinberg equilibrium. For the most part, specimens within samples, and in different days’
samples from the same site were found to be randomly mating and not under any selective
pressure, for the cight loci sampled. Refer to Chapter 2 for deizils on this data gathering

and preliminary analysis. Allele frequencies at sampled sites appear in Tables 2.5 and 2.6.
6.3.2 Distance Analysis Procedure

As discussed above, Nei's (1972, 1978) genetic identity measures are considered here
o be inferior to the Cavalli-Sforza and Edwards arc distance. However, many studies of
other organisms arce bascd on Nei's (1972) measure. Therefore, Net's (1972) measures
were calculated for comparison to other studies, and Cavalli-Sforza and Edwards arc
distances were calculated for analysis via the distance Wagner technique.

Distances were calculated between all population samples with at least five specimens!,
using the FORTRAN computer program BIOSYS-1, version 1.7 (Swofford and Selander
1981). The distance Wagner analysis was done using the DISWAG subroutine of
BIOSYS3-1, with parameters set as follows:

ADDCRIT = 0. This uses the multiple addition criterion (Swofford 1981) for
adding successive taxa to the tree. This means that taxa arc added by all three
mcthods allowed by the program, with all of the shortest trees being saved for
further steps.

FITCRIT = 1. This uses Prager and Wilson's (1976) F valuc to determine which
partial trees are best, for usc in further steps of tree construction.

MAXTREE = 30. This is thec maximum the program allows. It determines how
many partial trees are 1o be saved between successive steps in tree
construction.

This analysis viclded unrooted trees, which were then rooted at the middle of the

branch connecting the outgroup to the rest of the taxa.

YNoOte that tins eacludes P foveocoiis from the phenetic analysis, since only two specimens were cojlecied.
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6.3.3 Discrete Character Analysis Procedure

For the discrete character analysis, cach 1 the 75 alleles was treated as an independent
binary character. Two separate analyses were made. In the first, allcles with frequencies of
at least 0.05 were considered to be 'present’, while those with frequencies of less than 0.05
were 'absent’. In the second analysis, absolute presence and absence was used. All
population samples within species were paoied for these discrele analyses, exceept for the
two morphs of P. fossifrons, which were kept separate. From these initial data scts, alleles
present 1n all taxa, or in only one taxen, were removed, since they are phylogenctically
uninformative, and serve only to increase computer running time. The Diplous specices,
pooled together into a single taxon, were used as the outgroup.

These data sets were analysed with the branch-and-bound algorithm PENNY . on
Felsenstein's (1985) PHY LIP phyvlogeny inference package, version 3.1, on a Macintosh
Plus®™ computer. This program {inds the tree(s) with the fewest cvoluttonary steps, which
1s assumed to be the most parsimanious estimate of phylogeny. Assumptions arc that it is
Justas evolutionarily costly to gain an allele as 1t s to lose it, and that all alleles are equally
costlv to gain or lose.

The PENNY algorithm results in unrooted trees, so they were rooted with Diplous as

the most distantly related taxon in the phylogeny.
6.4 Results
6.4.1 Distance Analysis

Nei's genctic identitics and Cavalli-Sforza and Edwards arc distances appear in Table
6.1.

The shortest tree resulting from the distance Wagner analysis of Cavalli-Sforza and
#idwards arc distances is tllustrated in Figure 6.1. Other trees which were almaost as short
had the same branching arrangement at the species tevel, and only slight rearrangements of
populations within P. stygicus. Therefore, the tree pictured is clearly the best hypothesis
with the data at hand.

The Cavalli-Sforza and Edwards arc distance tree was compared 1o trees gencrated
using the Cavalli-Sforza and Edwards Chord, Rogers, Maodified Rogers, Prevost, und

Edwards distances. These trees all had the same arrangement of specices, except for some
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6.4.2 Discrete Character Analysis
Binary-coded data, using absolute presence/absence and the 5% criterion, appear in

Table 6.2.

When the absolute presence/absence data were analysed, 13 equally parsimonious trees

were produced. The species P. atrorufus, P. lecontei and P. longicornis appeared in
various positions in these trees. The consensus tree appears in Figure 6.2. The analysis
using the '5% criterion' to determine electromorph presence produced five equally
parsimonious trees. Figure 6.3 is the consensus, where the placement of P. lecontei is the

only major question.

6.5 Discussion

6.5.1 Age and Status of the Taxa

The taxonomic levels of classification currently used in the Patrobini were examined
using Nei's (1972) genetic identity values (Table 6.1). Thorpe (1979, 1983) compiled
mcasurcs from many studies of invericbrate populations, and reported that populations
within the samce species tended to have identities greater than 0.9, species within the same
genus tended to have identities of 0.25 to 0.85, and species in different genera tended to
have identities of less than 0.3. He also concluded that an identity of 0.0 corresponded to
18 to 20 million ycars of evolutionary divergence, given a constant rate of evolution. By
this mecasure, the minimum age of a species would be about three million years.

The morphological similarity of Patrobus species gives the initial impression that they
arc not very old. However, genctic distance mceasures suggest the opposite. P. stygicus is
sutficiently distinet from the two morphs of P. fossifrons to be ranked as a separate
species, with mean genetic identities of approximately 0.4 to 0.6. P. lecontei and P.
longicornis arc distinct cnough from some members of Patrobus thai they could be placed
in their own genus. As well, P. atrorufus and P. septentrionis are diverged enough that
they could be in separate genera.

Within P. fossitrons, the 'coastal' and 'inland' morphs are distinct enough by Thorpe's
criterion that they could be classified as ranked species. However, as discussed in Chapter
3, no clear division could be found between them, so they are considered to be the same
specics.

Thorpe's numbers arc only rough guidelines for classification levels. They should not

be adhered to ngidly. since evolution proceeds at different rates in different groups. I do
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not propose changing the classification levels of any of these taxa. However, these
numbers tell us that cither Patrobus is a very old group, or that Patrobus spectes arc
diverging more rapidly than most insccts. 1 postulate the former. The fossil record indicates
that carabids arc differentiating very slowly. compared to other insccts (Kavanaugh 1979).
Hopkins er al. (1971) found fossil evidence that many extant Nocth American carabid
species have existed essentially unchanged for up to 5.7 million yvears, and Matthews
(1979a) found carabid fossils dating from approximately cight million yecars ago, which
were very similar to extant carabid specics.

By all indications, Patrobus is adapted to habitats that have been around for a long tme,
so I propose that they arc among the older extant carabid species. Both Hopkins et al.
(1971) and Matthews (1979a) found fossils which they tentatively identified as P.
septentrionis, which were dated as pre-Pliocene. This indicates that at least one species of
Patrgbus has probably existed essentially unchanged for more than five milhion years.

in light of this information, it would be very interesting to re-examine the relattonship

between Patrobus and its sister genus, Platvpatrobus. The single species of Platypatrobus,

P. lacustris Darlington, is morphologically very similar to Patrobus. According to G. E.
Ball (personal communication). Lindroth would have placed the species within Patrobus,
except that he chose not to question the judgement of Darlington (1938), who proposed

Platypatrobus as a genus. P. lacustris lives in and on beaver houses, a habitat that is not far

removed, either spatially or ccologically, from the habitats of Patrobus species. Possibly it
is stimply a Patrobus that has developed adaptations for life in a specialized habitat, and thus
has diverged somewhat from other Patrobus species. This could be tested in a detaiied
cladistic study.

Within Diplous, populations of D. aterrimus display & genetic identity measure in
agreement with Thorpe's values for populations within a species. D. aterrimus and D.
californicus are also separated by a level within Thorpe's range for species within a genus.
Genetically, Patrobus is almost completely diverged from Diplous. Thus, the genera are
probably very old.

6.5.2 Evolutionary Hypotheses Within Paltrobus

Distance henogram

The distance analysis (Figure 6.1) shows that the branch fengths in the diagram fit the
pairwisc distances very closely, as shown by the cophenctic corrclation valuc of 0.98%.
This means that there is very little homoplasy hypothesized in the phenogram. However,

the high percent standard deviation and F-value show that branch points and lengths are not
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all that certain. This should be kept in mind during examination of relationships in the
phenogram.

The four populations of ‘inland’ P. fossifrons arc very closely related in this figure,
and as a group they are quite far away from their sister group, the ‘coastal’ P. fossifrons.
The various populations of P. stvgicus are also very close together. Because of the large
standard deviation, branching patterns of populations within thesc taxa arc probably not
significant. Clearly the populations within these taxa are very close, and there is a
significant difference between P. fossifrons and P. stygicus, as was cstablished in previous
chapters.

This phenogram suggests that the Patrobus (sensu stricto) species P. seplentrionis is
closer to P. stygicus than P. fossifrons is. This goes against the morphologically based
hypothesis, which placed P. septentrionis and P. stygicus in different subgenera. As well,
another member of Patrobus (sensu siricto), P. atrorufus, i1s placed closer to P. stygicus
and P. fossifrons than P. lecontei and P. longicornis are. This also contradicts previous

idecas, since P. fossifrons, P. stvgicus, P. lecontei, and P. longicornis are thought to form

thc monophyietic subgenus Neopatrobus (Darlington 1938, Lindroth 1961).
Although thus phenogram is the best fit to the pairwise distance data, it reflects only
overall levels of similarity between the taxa. While many similarities between taxa reflect

phylogenctic relationships, this is certainly not always so.

Discrete Character Phylogenies

The discrete character analysis should provide a truer reflection of relationships, since it
is based on phyloge:. srinciples. Figures 6.2 and 6.3 are the phylogenies resulting from
the elternative techniq = of determining allele presence; the absolute criterion, and the 5%
criteriom, respectively. These phylogenies are basically the same, except that the one based
on the 5% criterion places P. atrorufus and P. longicornis into a position which is only one
of three suggested in the phylogeny based on the absolute criterion. Neither reconstruction
places P. septentrionis with certainty, though in both reconstructions this species is placed
in a trichotomy with P. foveocollis and P. stvgicus. The high level of uncertainty regarding
the placement of P. atrorufus, P. longicornis, and P. lecontei is probably due to the small

samples. In this study, the 5% criterion is probably the more valid technique, due to these
small samplce sizes, so I accept it as the best discrete character phylogeny.

Comparison of Distance and Discrete Characler Results
The distance and discrete phenograms do not agree. This is not entirely unexpected, as

the distance techaique does not provide an accurate reflection of evolution. Mickevich and
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Johnson (1976) pointed out that phenetic techniques were susceptible to error it the
characters had bcen cvolving at different rates, but cladistic analyses take variable rates into
account. Mickevich and Johnson compared clectrophoretic and morphological data tor
Menidia fish species, and found that, although characters within the data sets were shown
lo be evolving at different rates, cladistic techniques still produced similarly branching
trees. This reinforces the idea that cladistic studies are superior to phencetic ones. Thus, |
feel that the discrete character phyvlogeny of Patrobus, despite containing some
uncertainties, is the most feasible evolutionary hypothesis that this genctic data set can
offer.

Comparison of Electrophoretic and Morphological Character Phyvilogenies

Regardless of the placement of P. septentrionis and P. lecontei in the electrophoretic-
based phylogeny, there are several differcnces between that phylogeny and the
morphologically-based phylogeny. P. fossifrons and P. stygicus arc not sister taxa in the
clectrophoretic-based hypothesis, and P. atrorufus, P. septentrionis, and P. toveocollis
each independently destroy the monophyiy of the subgenus Neopatrobus. Since the

reconstructions of Darlington (1938) and Kithnelt (1941) ure not based on rigorous

cladistic analysis of characters, the electrophoretic and morphological hypotheses cannot be
compared by the rigorous mcthods of Mickevich and Johnson (1976). Instcad, they must
be compared more informally.

Both of the hypotheses cannot be correct. The clectrophoretic hypothesis can be
questioned, because the data suffer from the following problems. Some of the population
sampies are very small (under 10 specimens for four species), so they may not be
representative of the species as a whole. Also, only a very small amount of the entire
genome of these beetles was sampled, which may not have been a representative measure
of their genetic make-up. These are serious problems, which cast doubt on the hypothesis.
As well, the Nei's genetic identity measurces (Table 6.1) suggest that perhaps the group is
too diverged for clectrophoresis to provide enough synapomorphics for an informative
phylogenetic analysis.

The morphologically-based phylogeny reconstruction also could be incorrect. After all,
it dates back prior to the development of rigorous cladistic methods, so taxa arc not
supported by specifically postulated synapomorphies. One could also arguc that, like the
electrophoretic study, it relics on a very small suite of characters, since it appears that
Darlington and Kiihnelt used primarily the male genitalia. These are very specialized
structures which could have been under some unique evolutionary pressures, and thus may

show trends counter to the direction of overall evolution. Another problem with the
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morphologically-based hypothesis is that chorological affinities have played a significant
part in determining relationships. Generally, it is good to use as many different characters
as possiblc in gencrating a hypothesis. However, I feel that the distribution data were
perhaps not characters so much as they were biases applied to the interpretation of the
morphological characters, at a time when past geological and climatic changes were not
well understood.

In spite of these problems, these two hypotheses could be the best interpretations of
their respective data types. These two character systems are independent of one another,
and arc susceptible to different environmental pressures. The morphological characters
could be very well-adapted to environmental conditions, and thus be both slow 1o change,
and susceptible 10 parailel evolution of similar states. On the other hand, the clectrophoretic
data could be under no pressure to remain the same. They could have collected many
mutations, to the point that many apparent synapomorphies between species are in fact
homoplasics. 1f so, these differing rates of evolution would explain why the two data types
yiclded different phylogeries.

Other authors have reported that different characters can evolve at diiferent rates.
Turner (1974) compared morphologicallv-based and electrophorctically-based phenograms
of five species of desert pupfish (Cyprinodon), which were very different morphologically,
but were very similar clectrophoretically. He reported that the two data seis produced very
different phylGgenics, which he concluded was due to different evolutionary rates. Maxson
ané Wilson (1974, 1975) compared morphological and immunological characters in frogs
in the genus Hyla, and found marked differences. They wrote that two species which were
very close morphologically were so far apart immunologically that they could be put into
separaic genera. They concluded that the immunclogical data were more accurate, and that
the morphological similanty was due to convergence.

Because of different rates of cvolution in different characters, the phenetic technigues
cmployed in the above studies resulted in different phenograms. However, as Mickevich
and Johnson (1976) pointed out, cladistic techniques should result in similar phylogenies
from the different characters, because they are unaffected by different rates of evolution.
This was not so in the Patrobus study, probably because of the small sample sizes.

Relationships in Patrobus

I am not prepared to offer any formal reconstructed phylogeny as the correct one. I do
not think that the electrophoretically-based phylogeny is flawless, but I think it calls the old
morphological ideas into question. Both could be wrong, but the fact that they are different
mcans thai a detailed study of the group is in order. Neither type of data is inherently
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superior, so 1 suggest that any future cladistic analysis incorporate large suites of
morphological, clectrophoretic, and other types of characters.

Implications with regards to Species Concepts

If the Patrobus clectrophoretic data are cven partly correct, 1t 1s possible that P.
fossifrons and P. stvgicus arc not sister taxa. However, it has been shown that they can
hybridize, and produce viable offspring. Depending which spectes concept 1s followed, P.
fossifrons and P. stygicus may or may not be separate species (sce Chapter 5). It they are
considered to be the same species, and if the clectrophoretic-based phylogeny is correct,
then three d ferent subgenera of Patrobus would have to be collapsed into a single species,
to form a monophyletic group including the hybridizing P. fossitrons and P. sty gicus.
However, many of these taxa are very different, and clearly deserve status as scparate
species.

I do not believe that ability to hybridize 1s a good rcason for combining species,
because it is a plesiotypic trait. Since the ability 10 hybridize depends on both the amount
and the nature of genctic change occurring between the populations in question, it does not
tell us very much about relationships. As a result, I feel that reproductive isolation does not

make a good species concept.

Summary and Conclusion

In conclusion, the electrophorcetically based and morphologically based reconstructed
phylogenies of Patrobus do not concur. This 1s probably duc to conscrvatism ol
morphological characters. and a high rate of evolution in genctic characters, lcading to
parallel evolution. Neither reconstruction is acceptlable now, so it is reconimendced that a
detailed cladistic study be done using large numbers of clectrophorctic, morphological, and
other characters.

6.6. Sumimary

Electrophoretic data from six North American specices of Patrobus and onc Europcan
species were examined. Pairwisc distance data indicates that Patrobus is a very old group,
which has diverged very little morphologically, but very much genctically. In light of this,
it is suggested here that Platypatrobus lacustris, the sister group to Patrobus, may in fact be
an aberrant Patrobus.

Phenograms resulting from distance analysis and discrete character analysis were

compared. The reconstructed phylogeny based on discrete characters was less certain about
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relationships, but it was deemed to be theoreticaily superior, because the methods used to
produce it portray evolutionary theory more accurately. Thus the uncertainty in this analysis
is deemed to be an indication of convergent evolution of electrcphoretic characters. In
addition, small population samples and the low number of loci sampled probably
contributed to the uncertainty.

The discrete character phylogeny was compared to the accepteG morphologically-based
phylogeny, and was found to be quite different. It was suggested that this was due to
different rates of evolution of clectrophoretic and morphological characters. Neither
phylogeny was accepted, as cach is based on only one type of data. Depending which one
is truc, the hybridizing species P. fossifrons and P. stygicus may not be sister species, and
the subgenus Neopatrobus may not be a monophyletic entity. It is suggested that a detailed
revision of Patrobus be done, using several types of characters, to determinc the true

rclationships among spcecices.
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‘inland’ P. fossifrons Rock.
'E ‘inland’ P, fossifrons Ly nch

‘inland' P. fossifrons Curlew

'inland’ P. fossifrons Tern

‘coastal' P. fossilrons Wauconda

P. stygicus Lost Rd.

P. stygicus Long

P. stygicus Chain

P. stygicus Hinton

P. stygicus Lynch

P, stygicus Wauconda
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Figure 6.1: Phenogram of Patrobus and Diplous species and populations, based on
Cavalli-Sforza and Edwards (1967) arc distances. Total length of tree = 4.247;
cophenetic correlation = 0.988; Prager and Wilson's (1976) F value = 7. 154; standard
deviation = 10.869%.
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Figurc 6.2: Rcconstructed phylegeny of Patrobus species, using absolute
presencc/absence of alleles as binary character states. Dushed lines indicate uncertainty

of placement of some taxa.
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Figure 6.3: Reconstructed phylogeny of Patrobus species, using 5% criterion of
prescncc/abscence of alleles as binary character states. Dashed lines indicate uncertainty

of placement of some taxa.
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7. CONCLUSIONS
7.1 Answers to Questions

This project was started with four questions in mind, which I will now attempt to

answer.

1. Is the current taxonomic siatus of P. stygicus and D. fossifrons correct?

P. stygicus and P. fossifrons are distinct in allopatry, and arc morec-or-less distinet in
sympatry. Hybridization occurs in sympatry, but it is rare, and the resulting offspring are
strongly sclected against. Gene flow is low enough that P_stygicus and P. fossifrons
remain distinct specics. They cannot be distinguished by any one morphological character,
but when several characters are considered, the vast majority can be identified. As well,
fixed differences at three loci distinguish P. fossifrons and P. stygicus. They tend to live in

different environments, and sclect different microhabitats at sympatric sites.

2.Is there any variation within P. fossifrons or . stygicus which onght 10 be recognized

laxonomically?
P. stygicus was homogencous across all study sites, but P. fossifrons was divided into
two morphs, here named 'coastal' and 'inland' morphs. These do not correspond 1o

Darlington's (1938) P. fossifrons fossifrons and P. fossifrons dimorphicus. The 'coastal'

morph of P. fossifrons lives along the Pacific coast, from Alaska to Washinyzton, and cast
as far as the Crowsnest Pass. The 'inland' morph lives from central British Columbia 1o the
Cypress Hills, and south into the northwestern United States. Thesc morphs can usually be
distinguished by slight morphological differcences, and by a fixed difference at the Ao
locus. They arc quite distant clectrophoretically, and gene {low between them is low
enough that they are capable of diverging via genctic drift. However, they arc not formally
recognized taxonomically, because the nature of the geographical division between them is

not known.

3. Does hybridization occur between P. fossifrons and P. stygicus? What conditions allenw
it to occur or prevent it from occurring?

Hybriu:xtion does occur between P, fossifrons and P. stygicus, so despite their
differences in structure, biochemistry, and habitat, these taxa arc not completely
reproductively 1solated from one another. This ability to hybridize is not an indicator of
their relatedness, because they were found to be quite distant genctically.
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Two putative hybrids of P. sty gicus and ‘inland' P. fossifrons (out of 299 examined
specimens) were found at Pincher Creek. P. stygicus generally lives at higher clevations, in
the boreal vzone, and inland' P. tossitrons itves at lovwer elevauons, on the pratrie.
However, the two zones overlap at Pincher Creck, as svell as in the Cypress Hills. At these
sites, P. stygicus and ‘inland' P. fossifrons encounter one another, and occasionally
interbreed. Resulung hybrids are rare, and if they are fertile, they are strongly seiected
against.

Onc P. stygicus / 'coastal' P. fossifrons hybrid was found (out of 30 examined
specrmens) at Wauconda, Washington. It - ~< at least an Fa, so obviously some hybrids
arc fertile. There was no other evidence of mi.xed stock there, so hybrids must be very rare,
and/or strongly sclected against. Although P. stvgicus generally lives farther north than
'‘coastal’ P. fossifrons, they occurred in sympatry at Wauconda, with no evidence of

habitat partiioning.

4. Are the currenily accepted phylogenetic positions of P. fossifrons and P. stygicus within
Pairi:bis correct?

A phylogeny reconstructed from clectrophoretic data was quite different from the
acceepted morphologically-based phylogeny. Unlike the morphologically-based hypothesis,
the clectrophoretic-based hypothesis suggested that P. fossifrons and P. stvgicus are not
sister specics, and that their subgenus, Neopatrobus, is not a monophyletic group. Neither
of these phylogenies is accepted by me; | suggest that the group be re-examined, using

many different types of characters.
7.2 General Conclusions

Although P. fossifrons and P. stvgicus do not conform completely to the biological
specties coneept, based on reproductive isolation, strong barriers are evident between them,
so they are clearly distinct. The two morphs of P. {ossifrons are not so diverged. They arc
different cnough that they are capable of evolving in different airections, and will probably
be much more distincet in the future.

This study is quite similar to that of Mossakowski et ai. (1990), who examined

hybridization in the carabid genus Chrysocarabus. They examined morphological and

clectrophoretic data, and found that hybrids were best identified by a suite of morphological
characters. Although they found higher levels of hybridization (2 to 16%), they noted

abereant hind wings in hybrids, and an absence of the Fy gencration of hybrids, similar to
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the current study. Taese facis. as well as the tact that males were not fertile, led them 1o
conclude that the two taxa were not compatible cnough to be classitied as the same species.

These taxa show us that our attempts at applyving a classtiication system of discrete
units o a complex, changing world is not always successful. Instcad of sharp boundaries,
some specics have grey arcas between themsely es and other taxa.

When [ started this project, I attempted o go beyond the question “what?”, 10 star
asking "how?", and thus try to shed some light on "why?". 1 have described what P
fossifrons and P. stygicus are like, and have suggested some reasons as to how they have
come to be like that. As for why they arc the way they are, I have come Lo see specios not
as simple compartments in which to place living things, but rather as artificial constructs of
ours which do not alwayvs describe life around us accurately.

The ideca of "species” tends to lude the complex forces acting on hiving things,
Evolutionary forces result in & clustering of indin rduals into similar types that we call

"species” . but this discrete lobelling dinec s us rom the fact that they are ofien only
b

partially clusiered. We need o be aw o« s shortcemings of our classiication systeim,
and sce the underlying forces caus o on amoeng organisms, it we are o really

understand the living world.
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APPENDIX #2. CHEMICAL SUPPLIERS

Table A2.1: Chemicals used in polyacrylamide gel electrophoresis, and their suppliers.

COMPOUND

SUPPLIER

acetic acid

acrylamide
adenosine-5'-triphosphate
arnmonium persulfate
benzaldehyde

bromophenol bluc

cellulose acetate papers
DL-dithiothreitol

{ast blue RR salt
D-fructosc-6-phosphate

glucose

a-D-glucose-1-phosphate
glucosc-6-phosphalte dehydrogenasce
glycine

hydrochloric acid

magnesium chlonde
N,N'-mecthylence-bis-acrylamide
a-naphthyl acetate

B-nicotinamide adenine dinucleotide
B-nicotinamide adenine dinucleotide phosphate
nitro blue tetrazolium

1-octanol

phenazine mcthosu?

85% phosphoric
polyvinylpyrrolidone

nbolflavin

sodium phosphate dibasic

sodium phosphate monobasic
N,N,N'N'-tetramethylethylenediamine
Trizma®™ R basc

Trizma® R hydrochloride
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Fisher Scientific Co.

Schwarz/Mann Biotech Co.

Calbiochem Co.

Fisher Scientific Co.
Fisher Scientific Co.
Fisher Scientific Co.
Gelman Sciences Inc.
Sigma Chemical Co.
Sigma Chemical Co.
Sigma Chemical Co.
Fisher Scientific Co.
Sigma Chemical Co.
Sigma Chemical Co.
Sigma Chemical Co.
Fisher Scientific Co.
Fisher Scientific Co.

Schwarz/Mann Biotech Co.

Sigma Chemical Co.
Sigma Chemical Co.
Sigma Chemical Co.
Sigma Chemical Co.
Sigma Chemical Co.
Sigma Chemical Co.
Fisher Scientific Co.
Sigma Chemical Co.
Eastman Kodak Co.
Fisher Scientific Co.
Fisher Scientific Co.
Eastman Kodak Co.
Sigma Chemical Co.
Sigma Chemical Co.
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APPENDIX #3. DETAILS OF ENZYME STAINS
Details of Successful Enzyme Staining Procedures

Aldehyde Oxidase; AO

The AO stamn, modified from Rolseth and Gooding (1978), contiained 2 drops
benzaldehyde, 9mg nitro blue tetrazolium (NBT), and 3mg phenivzine methosultate (PMS)
in 25ml 50mM tris buiter, pH 7.2. Bands became visible after being incubated at 37°C for
about two minutes, and were readable for {resh and refrozen head-thoraces and abdomens
on a 7% gel, at pH 8.2 or 8.9.

Arginine Phosphokinase; APK

Bands representing APK appeared on all gels when staining tor other cnzymes. With
PMS-containing stains, APK appcured as a red band, as a result of direct bi nding with
PMS (Goodinig and Rolseth 1979). With csterase stains, APK appecared as a faint yellow
band which faded after about 30 minutes. This was probably a result of the cnzyme binding
to the fast blue RR of the csterase staining solution. These yellow bands were dlearly APK,
since electromorphs always corresponded exactly to the PMS-stained APK electromorphs
of the same specimen on other gels.

Esterases; EST

The EST stain was based on Sperling (personal communication), as modified rom
Gooding and Rolseth (1982) and Brewer (1970). To stain for esterases, the gel was souked
in 30ml of 200mM phosphate buffer, pH 6.0, at room temperature for seven minutes, Then
a solution of 35mg of a-naphthyl acetate in 1.5ml acetone was added to the soaking gel.
which was then incubated ai 37°C for seven minutes. The gel was then put into a filered
mixture of 35mg a-naphthyl acetate in 1.5ml acetone, and 40mg fast biuc RR salt in 30ml
200mM phosphate buffer, pH 6.0. Stained bands appeared within five minutes, at room
temperature.

Several series of eslerase bands appeared on 7% and 9% gels at pH 8.9, rom fresh and
refrozen head-thoracic and abdominal samples. Two of these provided rcadabie
information: EST-1 was clearcst with 301 of abdominal homogenate on a 9% gel, while
EST-3 was clearest with 40ul of abdominal homogenate on a 7% gel. At least three other
esterases were present (EST-2, -4, and -5), but due o their complex patterns, they could
rot be interpreted.

Hexokinase; HK

Rolseth's (personal communicatior} HK stain, a modification of Brewc: (1970), wus
done with a cellulose acelate overlay. The swining solution contained 10mg glucose, 3myg
NBT, Img PMS, 3mg 8-mcotinamide adenine dinucleotide phosphate {(NADP), Img
MgCl26H20, Smg adenosine-5'-triphosphate (ATP}, and 2541 of glucose-6-phosphate
dehydrogenasce (G-6-PD) in 3ml 200mM wris, pH 8.0. 4 small strip of cellulose acctate was
soaked in this staining solution, blotted Zry, and then laid onto the gel, which was
incubated at 37°C until bands appeared. Results were obtained ior frozen thoracic sampics
on 7% and 9% gels, pH 8.2 and 8.9. Best results were obtained with 30ul 0f head-thoracic
homogenate on a 9% gel, pH R.9.

Octanol Dehydrogen-ise; )JDH

The ODH stainir.g p:--cedure was described originally by Ayala et al. (1972). The stain
used in this study wes nicdified from Gooding and Rolseth (1979), and contained 200u] -
octanol, 9mg B-nicotinamide adenine dinuclectide (NAD), 9mg MNBT, and 3mg PMS in
25ml 50mM tris, pH 7.2. Bands appeared afler incubation at 37°C for about 30 minutes.
Enzymes were active with fresh and frozen head-thoracic and abdominal samples on 7%
and 9% gels of pH &2 and 8.9. Best results were obtained with 40! of abdominal
homogenate, on a 7°% gel. pH 8.2.
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Phosphoglucose isomerase; PGl

Rolseth's (personal communication) stain for PGI, modified from Shaw and Prasad
(1970, was used on a cellulose acetate overlay. The staining soiution contained 10mg
fructose-A-phosphate, 3mg NBT, Img PMS, 3mg NADP, Img MgCizeSH20, and 2541
G-6-PD 1n 3ml 50mM tris, pH 7.2. The overlay procedure was the same as that for HK.
Bunds appeared after about two minutes at room temperature. Activity was scen 1n fresh
and frozen hecad-thoracic and abdominal samples on 7% gels, pH 8.2. Best results were
with 40ul of abdominal sample.

Phosphogttcomutae; PGM

The PGM staining technique was based on Rolseth's (personal communication)
cellulose acetate modification of Shaw and Prasad’s (1970) recipe. The staining solution
contained 10mg glucose-1-phosphate, Img PMS, 3mg NADP, Img MgCl2¢6H20, and
25t G-6-PD in 3mi 50mM tris, pH 7.2. The overlay procedure was the same as that for
HK. Bands appcared after about five minutes of incubetion at 37°C. The enzyme was acuve
in fresh and (rozen head-theracic and abdominal samples on 7% gels, pH 8.2 and 8.9. Best
results were with 40ul of abdominal homogenate on 7% gels, pH 8.2.

Unsuccessful Enzyme Stains
Table A3.1: Enzyme stains attempted unsuccessfuliv on polvacrylamide geis. EC

numbers are from Nomenclature Committee of the Internauonal Union of Biochemistry
(1984).

ENZYME (REFERENCE) ABBREVIATION
adenvlate kinase (Fildes and Harris 1966) (AK, EC 2.7.4.3)
alcohol dehydrogenase (May er a/. Unpubl.) (ADH)
catalase (Harns and Hopkinson 1977) (Cav)
csterases (Brewer 1970) (EST-2. -4, -5, EC 3.1.1.2)
peneial protein (Rolscih, Peis. comnt.) {GP)
glucose-6-phosphaic dehydrogenase
(Gooding and Rolseth 1982) (G-6-PD, EC 53.1.8)

glutamate-oxaloacetute transaminase (Schwartz e al. 1963)  (GOT, EC 2.6.1.1)
a-glycerop Hsphate dehydrogenase

(Gooding and Rolseth 1982) (a-GPDH)
hyvdroxybutyrate dehydrogenase Shaw and Prasad (1970 (HbDH)
isocitrate dehydrogenase (May er al. Unpubl.) (IDH, EC 1.1.1.42)
lactic acid dehydrogenasce (Shaw and Prasad 1970) (LDH, EC 1.1.1.27)
malate dehydrogenase (Brewer 1970) (MDH, EC 1.1.1.37)
inalic enzyme (Avala er al. 1972) (ME, EC 1.1.1.40)
6-phosphogluconate dehydrogenase

(Shaw and Prasad 197(0) (6-POD. EC 1.1.1.44)
phosphomannosc 1somerasc :i<ichols er al. 1973) (PMT.EC 53.1.8)
shikimic acid dehydrogenase (Soltis ef al. 1983) (SkDi D
sorbitol dehyvorogenase (Shaw and Prasad 1970) (SoDH, EC 1.1.1.14)
supcroxide dismutase {Johnson er al. 1970) (SOD)
xanthine oxidase (Gooding and Rolseth 1979) (MO, EC 1.2.3.2)
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APPENDIX 4. ELECTROPHORETIC DATA

Table A4.1: Electromorph codes of individual beetles, tor the cight loct under study
Dashes indicate missing data.

SAMPLE,
CODE & SEXN A Apk Fst- ] Fot-3 Hk Cidh Py Fern

P. fossifrons (inland)
Rock Pond, Ala.

\V1-29-1989

TA2-2F IS8 «C 'l K M VI tH IREL} iy
1A2-3F bl [ il NN 13 it BB D
1A2-5F i F co 'l AS S 1B HH B 1
TA2-6F IS o 'l K M i1 14 1313 BN
TA2-7F b (XS '} KON bt HH 1B [RER
1A2-8F G cco £l KK I HI BB RIS
1A2-9F FFF e -1 KM b1 Hb} B b
FA2-10F FE cC L} KK bl HIH B iy
JA2-11E I'E «C L1 KM b LY 1B Hi
TA2-12F Fi C [t KK F L 1 [3fs
TAZ2-131 L0 oC ' K M E I it SR IR D]
TA2-14 1SS C i1 KK IS8 i BB HbH
1A2-15 I co il K M i HI 11 DB
1A2-16F 128 o bt K M AL HIt 131 i
TA2-17) i oo 38} KAl 1 i 131 (R
TA2-1RF IS o (G K IR0 H i3 b
1AZ-10) IS oo b KN b1 Hi B3 i
1A2-20}1 FE e b KK bt HH IR 13t
TA2-21F IS o (B K M bE i 1313 L
PA2-22F il oo B0 MM IENE Hil 131 i)
1A2-23F I3 [ Lt KK IR E HH IER T e
TA2-24F I oo i K M It HIE 13 1 [RAR
1A2-251F FE e C'f AS EhY b IiH it iy
TA2-2601 e e b KK I Hid 1R I
TA2-441 I - - o - - HH 1313 Dl
TA2-451 FFE I - - - Hiti BB I
PAZ2-361 E ¢ Ik KK - - H BH D
FA2-47} FE o -- - b1 B3
TAZ-481- i - - bl - - - - HH 131 il
JAZ-1M 1S oo Q8 K M 1 tH 11 i
FAZ2-IN I «cC b1 KK 1 Hi 3B iyl
FAT-27N b b oo b KK IS (RER! (R A (PR
FA2-28M FE oo 11 KK LS HEl BB 1yl
1A2-20\1 388 oo [ AMM b HH B b
1A2-30M¢ i o (8 KM IS IRRR! HH i
TAZ2-31M I e 1] KK IERE bkl [ERE B
FA2-32M1 FE e (G KK b i H [EBE} N3]
1A2-33M I (S t:1 MM b1 HH 13 D
FAZ-34M G e -1 KK bt IRRE s B DR
TAZ-335N1 v o I KM b HH 3 H DR
TAZ-36M 1 [ L1 K M bt HH IR H i
TA2-37M b e (G N KK IS Hi IR i
1A2-38\f 138 oo P KK - H IERE 131
FA2-39N 1 o bi KK - HI IR Dl
FA2-30M I3 o b AS B IR Hii 1413 1
PA2-3IM GG e o1 KK I M i i3 b
1A2-42M1 B e i:1: KONt PH [ERE il
FAZ2-43M G oC b K M 1S b IERE i3
FA2-49M IR - L1 NN - HH BB B
TA2-30M i - i1 KK - N I 13 i
TA2-51M i oo M KK ANE! 13513 i
JAZ-32M81 I F Lt K M - Hit 131 11
FAZ2-33M ISR b1 - HiH s 14 I
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Tabic A4d.1, continucd.
Tern Pond, Alta
VI 29-198Y

1312-71 SN L (o I1: KK I HH BB DD
IR ¥ e IS LA iy Ty 2R D
11#2-10F i e I K A\ IS S HH BB DD
IB2-i1t b1 o I KK 1 f1H B DD
182-12F (SN o B KK I E HH BB DD
132 131 It e IE8 S KM FE HH BB DD
IB2- 14k 11 [ CE KM I HH BB DD
TB2-17 - - e (B NS (AR P1H BB DD
ez i b e 12 5 K A 138N tiH BB DI
e b e 11 K\ i Hi BB AA
N RN Y o 1B KK I HH By DI
1822y - (e (B3 KM IE e HH BB DD
11B2-1M cC [ KK IR TiH BB pD
1B32-ZN4 - - e '} KK 138 Hii BB DD
1B2-3M 1B g cC 11 KM i HI BB DD
IB2-4M1 ISR o It KM FF HH BB DD
1132-5M1 I i ¢ ' C NOM 1 HH BB DD
182-6\1 t 1 oo 121 KK 1 HH BB DD
1B32-ONS 1 ¢ Il KA F 1 BB DD
Lynch Takes, Aha

V-0 -1989
1C3-41 1 e CE KM I FH BB DD
1C3-2F b cC CE KK t I HH BB DD
133 [t cC B 3 KM ISy HH BB DI
1341 ¥ o e K M i- HH BB DD
1¢°3-5F B e CE K M [ RSN HH BB nD
1C3-6}- I ocC L KM IS8 FH BB DD
1C3-7) I v cC 11 KK 1 HH BB DD
1C3-RE- 1SN [ CLE KK FE FH BB DD
1C3-11} IS0 (e 'l KK 188 HH BB D
1C3-121 RSN o I:1 KK i HH BB DD
1C3-13M I 1 cC (G K M G HH BB DD
FC3-14M F cC A D AS LS IS g I-H BB DD
FCR- 1SN I ¥ cC iz KK b HH B3 DD
FC3 16N i [ It KK - - HH BB DD
[ LR WA IFF co Q] AN ISR HH BB DD
1C3-18M I E8 8 cC i K M 1B HH B3 DD
1O 1ONM NS o 1 KK FE HH BB DD
1C3-20M1 i1 o (@] KK 1SRN HH BB DD
132N k- b o P-t NN i b HH B3 210
FOTR.22M [ZB N e 1 KM b HH BR DD

VI 20-1989
13- | E N oo B2 N M It HH B DD
1ed- 2 It cC 128 K M I E HE BB [D3D
1C°4-54 i o - - K\ bl Hil BB BD
1C3-61 1SN cC | KK FI HH BB DI
1270 IEnE (e Ii KK 1 HH BB PD
1049 I b oo e K M FE HH BB BD
1¢°3- 121 i oo I KK b1 HH BB PD
133N 1 ZRE [ Bt hS A I HH BB DD
FO4-N b1 o CE MM [ SR N HH BB DD
TCA-BNY bl e [T KM AR N HH BB DD
1O 1OM i- b [ B 1 K A1 kT HH B3 DD
1O 1M IS [ - KK FE HI BB DD
O TN 1SRN ¢ (E KK ISR HH BB DD
1C3- 16N b e - KM FE HH BB BD
1O 1R8N I E e CE KK vl FH BB DD
O3 TON ST QR b1 KN I HH BB DD

Pothole Poad, Alta

V-O7- 1989

20 bl O (G K M I biH BB D>



Table A4.1, continued.

Curlew Pond, Alta.
VII-11-1988

TL2-1F b
[ PREXYE bt
11.2-5¢ It
11.2-2M i
11.2-4\0 Py
P. fossifronus (coastal)
Manning, B.C.
VII-13-1989
2A2-1F GG
Deep Pond, B.C.
VI-13-1989
2BI-1IM G
Trsin Pond, B.C.
VI-13-1989
20C2-1M GG

Wauconda, Washington

Vil-18-1989
1D2-1F
1D2-2F
1D2-4F
1D2-5F
1D2-7¢
1D2-91
1D2-11F
1D2-14F
1D2-16f
1D2-23F
1122-25F
1122-6M
1152-8M\
1D2-10N
1DD2-13M
1D2-17M\
11D2-21\
1132-26)\1

P, stygicus
[.ast Rd. Pond, Alta.
VI-28-1989
3A2-1F
3IA22F
3A2-3F
3A2-4F
3= F
3A2-61
3A2-7F
3A2-RY
3A2-9F
AA2-108
3A2-11F
3A2-12F
3A2-13F
3A2-14F
3A2-15F
3A2-106F
3A2-401
3A2.471
3A2.481
3A 218\
3A2-1OM

GG
GG
GG
GG
Gy
GG
GG
GG
GG
GG
GG
GG
GG
Criy
Gy
(€18
(v (1
GG

P e e e s —
U e b et
Cr e v

e Rt mpt b bt va b b S e 4 e
R P DI OO I P DI S S I SO
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AN~ s
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DD EORDES RSN D
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DA I N .
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—_ e
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1 H
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B
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RD
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Tabie Ad ], continucd.

3A2 20N il oo AA JL t 1 (s bl P
3A22IM b1 oo AA I ISR GG E DD
3A2 22N [ [ AA I b GG -t DD
352 230 | (o A (S Py G0 It DG
TA2-24M Fte oo AA JJ IS GG i DD
A2 25M -} o AL JJ i GG EE DD
3A2-26M It - AA Tl 1 GG IS4 3 DI
3A2-27M B oo AL JJ FE GG L DD
3A2-2K8M b (e AA JJ I GG Lk D-
3A2 20M - - o AA J1. i GG L DD
3A2-30M 18} (G BB JJ FE GG L DD
3AZ-3IM 38 oo AA JIL 28 GG Ik D
IAT32MNT - - e AA JL IFE GG EL DD
3AZ-33M b oo AA JJ Fi GG i DD
AAD3UN .- o AA 1 I GO I35 121
3AZ-35M EE (G AA Ji. FG €18 EE BD
IA2-30M I (e BB JJ i1 GG =k D
3AZ-3TM 159 3 o AA JJ FE GG I E DD
AA2.38M EL oC AA JJ 1SS GG (SR %) DD
3A2-39M -4 oo AA 1. FE GG N DD
IA2-J0M LE oo AA JJ FE GG [ DD
3AZ M e (G AA U 1 GG Jobs DD
3A2-12M (B3 o AA FJ I LG EE DD
AIAZA3N EL e AA 1 I GG EE DD
3AZ-IN Y oo AA J1 FE GG It oD
3AZ-A5M Bl «C B JJ 1 GG =1 DD

VIE-01-1989

IA3IE I oo AN JJ I 5 GG I DD
3AR21 ik o AB Gl I} GG 12! DD
3AR 34 b e AA J I-F GG I:1 DD
AA3IM NS o AA JJ I GG L pD
3A3-5M L oo AA JJ i aG EL DD
3A3-6M il «cC AA JL FFE GG EL DD
AN (o A A 17, e (818 P} pn
3A3-RBAG -- cC AA JJ FI GG LI DPD
IABON -- e AB U 1 GG EE DI
A 0N - o AA J1 Fi GG R pD
3A3-1IM it e AA JJ FE GG 1 DD
A3 Bt cco AB L1 FE GG 21 DD
3A3-13M bt oD AA I I i (3 121 DI
3A3-14M L o AB v I GG 381 1BI D)
3A3-15M e AA J3 i GG It DD
AT 16N L o AA JJ 't 818 Ik D1
IAZ-1T7M -- (. AA JJ LN GG B DD
IAR-TEM e cC Al J I GG L DD

Pecten Pond, Al
VE-20- 19RO

3B32-1F Il (X AB 31 1SS GG I} DD
IB2-2F b} o AA 11 FE (: (3 11 D
IB2-3F tE ¢ AA R SRS GG ot DO
RIZAPEIE HE [ AA 3] i GG IS DI
31325\ Ik o AB 17 IFF GG 131 DD
3326\ 1NN cC AA 11 FiF GG Bl DD
3132-7M IS ccC AA 3l IS GG [P 3 DD
3132 B\ b o AB Ji. i GG LB GG
Blakiston Ck, Al
VI-2R-19rC
3C2-1ANt A [ AA JI. i GG Pk DD
antenna Pond, Ala
AN I 2, )
22N bk cC AA J1. FE GG Lk DD



Table A4.}, conuinuced.

Chain Ponds, Al
Vii-14-1988
312-1 M
NI-1E-1989
3311
31321
3133}
334
31:3-51°
313-61°
313-71F
31:3-8)
313-91°
3E3-101
23111
31:3-12F
3E3-102F
31:2-103F
31:3-13M1
3E3- 14N
2731501
313-16A1
313-17M 1
3R 18N
313-19M8
3132-20M1
313-21\
3E3-101M
313-104\t
VIE-01-1989
3161
33178
31-181
RISSIDAVE
314-201°
34211
3H4-221
34238
34248
34258
3Fd4-26)1
3E4-27F
31N
342\
343N
4N
345N
346\
RN
314-8\1
314-9M
310N
311N
35412\
3E4-13M
3hd- 140N
32315\
VII-22-1989
31:5-1F
3ES-2)
3E5-3F
3NS-5F
31:5-6fF
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Table Ad. 1, continucd.
3.5.71 [ A
31581
3i:5-91F
RS 11
315

35141

31:S-15§°
31:5-aM
315 10N
31.5-12M1
RIFASEENS |
315178
315 18N
Cieorge Lake, Alta
VI 15-198%
38331 [FA - -
313-71 - - - -
313151
313171 - - - - - - -
313-19) - - - - - - - - - -
31-3-221 L1 - - - - - - .- GG
313-213F - - - - -- - - GG -
31-3-251 - - - - - - - - - - - - 1
313 1M - - - - - - - - - - - - IS
3E3.2M1 L1 - - - - 1] - - GG -
3i-3.5M S - - - JI. - - GG - -
338N - .- .- .- .- GG .- .-
RIEERTRY| - - - .- . GG ;
313-13\ IHE .- - .- .- GG i
K RTAN - .- .- - .. .. EE
313 18N H#E .- - .. - GG i
V-o31-1989
RIESSSIE .- .- AA IJ - - - - - - - -
R 30 by - - - - .- - .- - - D3R}
3F°5-1M - - - - AA J
315-2M - - - - I
2530 - 1
31°5-8Md
3FS-6M1
3°S-7N
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RIE N
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316-61°
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Table A4.1, continued.

V11-06-1989
3F7-38F
3F7-391
3F7-11F
EY Sy MRS
3F7-45¢1
273617
3F7-471-
317-48F
317-49F
3F7-5301
317-51F
317-521
3F7-53F
317-3F
317-551
3F7-56F
317-1N
317-2M
317-3\1
3E7-4M
3F7-5M1
317-6M1
3F7-7M
317-8M
317-9M 1
3F7-10M1
3E7-11M
3FF7-12M
37-13M\1
3E7-14M
3F7-15M1
3F7-16M
RISEA MAN
3E7-18M
IFT7-19M
317-20M1
3F7-21M
3F7-22M
317-23M1
3F7-24M1
3i77-25M
317-26\1
3F7-27M
31-7-28M
3E7-20\1
3F7-30> ¢
3E7-31Nt
3732\
3F7-33M\
317-34M
3F7-35M
317-36M1

VI-20-1989
3F8-IN

VII-09-1990
319-2}-
319-3F
3F9-1IM

Long Lake Pond, Ala.
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L «C AN
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L} [ AA
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LE o AN
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e [ A
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Tuble A4.1, continucd.
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Table A4.1, continued.
Hinton, Alta.

VII-11-1989

R12-71

4

-k [ AA R It iy (R ixh
IH2-8° ib oo AA 4l It (e i3 1 BD
3H2-9F LB e AA g I E G I E Db
3H2-10F FE oD AA U b G b Db
3H2-111 I-k o AA U i i b} b
3H12-0M -k e AA J1 L [ ISR (RED
3H2-2M ISR [ AR Fa -G (3¢5 b1 B
3H2-3M Lk ¢ AA 11 i [RT® bl Do
3H2-5M1 Ik o AA R FE GG B B
VII-31-1989
3H3.3F EEE [ AF 3 (BN S Gyt b1 [T
3H3-4F EE oo AB i b E Gty b b D
3IH3-6F BEh oo AA U e G i1 b
3H3-10F I:E cC AB 11 T S GG L Db
3H3-11FF IEE oo Al J1 FE GG 11 -
IH3-16FF Ik (N A 1. (BN N GG bl b
3H3-17F L oC AA U I GG iih DG
3H3-181 -k [ AA i -1 GG 1t
IH3-IM I:k o AF 1. i Gy [ Db
3HI3-2M L CC AB U S B GG 1.1 Db
3H3-5M -k ¢ AA 1. BN GG I 3D
3HI3-OM IFE cC AA Tl I GG IR b
3H3-12M 528 (O AA 11 I'E GG It DD
3H3-13M EE o AA 11 K GG IS 15D
3H3-14M1 EE o AB 1] FE G bt Db
3H3-1971 EE Cco AA 11 g GG It Dy
Lynch Lakes, Alta.
VII-01-1989
312-9F 1SN o AA UK IEn Y (1% [ Db
312-10F 2k cC AA U i GG b Dl
312-23M A cC BE U} FE GG th Db
312240 S8 o AN N i ity [y i)
312.25\f I:E cC Bt I 11 o il Hb
312-20M I:h e AA U 1 Gl bhe LD
3227\ d L co AA U Pl GG Ll 1
VII-20-1989
313-15F L e AB R b1 G Iy b
3i3-17F B e AA J1. IS G Il b
Wauconda, Washington
VII-18-1989
3J2-12F Lk (e AA ) I b G Bl Iy
3J2-15¥¢ LEE cC AA 1.1 I GG B I
3J2.28F EE ccC i L1 I'1 GG BB Db
3J2-18M\ 28 (& AA JL .- [S1q I b
3J2-19M EL cC AA R FE GG B b Do
3J2-22M EE ccC AA i Fi GG 21 b
3J2.2:4\1 EH Co AA ' g GG I 1}
31227\ EE (e AA il (3¢5 bl 1y
3J2-29M (B $ CC AA bFE 818! o i
P. fossifrons/stygicus hybrid
Wauconda, Washington
VII-18-1989
4A220F EG CC FE KI. KL FE Eie i
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Table A4.1, continued.

P.lecontei
Lynch Lakes, Alta
VII-O01-1989

SAZ 3
S5A2-4F
5A2-7F
SA2IN
S5A2-5M1
SA2.2.
SA2-6-
VI1I-20- 198G
5A3-13-
5A3-20-
Curlew Pond, Alta
VI-11-1988
5C2-6)-
Cicorpe Take, Al
VI 19- 1988
512121
Temn Pond, Alta
VI-29-1989
SE2-1M
Rock Pond, Al
V1-29-1989
SE2-2F
SE2-1M
S51-2-3MNf

IFF
i
B

Bennett Billubopye, Al

VI-30-1989
5G2-1F

Pecten Pond, Al
V1-30-1989
SHI2-1F

P.longicornis
Fdmonton, Alta.
VII-08- 1990
11A2-31
TIA2-4F
F1AZ2-6F
11A2. 71
T1IA2-91
TEAZ-INS
TTA2-2M
FIAZ2-5M
FIAZ2-8M

P. foveocollis
thnton, Alta
ViE-11-1989
S8A2.6)-
Long Lake Pond, Afta,
VITE-11-1988
RB2-31F
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Table A4.1, continued.
P. septentrionis

Hinton, Alta.
VIi-11-1989

TA2-4M 1k Co AL BB EL 1
V1i-31-1989
TA3-TF Lt CC AL BB ¥ 11H DD .
TA3-8\ Lk e IE BB FE 11l DD o
TA3-15M1 EL o ¥ BB ¥ HH i Co
TA3-21M EE e FE BB bR 111l P o
CTA3-22\ BE e LR BB Fr 11l PG o
P. atrorufus
Finland
1989
6A2-1F FE ¢ < CG K1 BK K G
6A2-AF Fr cC e CE I BB Gl GG
6A2-8F FF e - CEH FE B1 1K GG
6A2-11F F§ cC - e DD it B NI
6A2-3\1 FE cC - GG FF BB 8 GG
6A2-6M FF cC - CE i F BB Gl 1 G
6A2-7M FF cC .- GG Er BB GG GG
6A2-9\M FF co - EG FE BB 1K G
6A2-10M FF CC Cl CL I BB Gl G
Diplous aterrimus
Rocky Mtn. House, Alta.
VI-14-1989
9A2-3F e AA - DI . KK 1l 1
9A2-6F P AA DG Hil .- KK il Ik
OA2-14F D AA - 11 -- KK 11 i
9A2-1T7F D .- DD Dt .- KK HIl
9A2-18F CcD .- BD DH . KI. 1
9A2-23) B R AA BD 1 NN 1t
9A2-26F ch AA 153D) HI .- KK Fil 111
9A2-1M CC AA Dp HI .- KK i B
9A2-3M DD AA 153 p) DI .- KK 11l 12
9A2-7M co AA .- HI .- KK FH 1
9A2-8\1 e AA .- 1 -- KI. .- 1
9A2-9M\ DD AA -- Hii .- KK il i
9A2-13\ cC AA BB DH BB KK 1t bt
9A2-16\] -- AA .- Hil BB KK Bl Bl
9A2-19\ BC - DD HI .- KK i
OA2-20M1 D AA BD HH .- KK Hil
9A2-21M cC AA BD H1 - KK Fil
9AD-22\( BC AA DO il . KM 11t :
9A2-24\ BC AA BG 1 .- KK it Iy
9A2-25M1 e AA BG 1t .- KK HH LK
9A2-27\1 oy AA DI HH - KK Hil 15
9A2-28M\ D AA PD HE - KK 111 In
9AZ-29M CC AA 13YD) HE - KK 11 1
OAZ-30M DD .- BB HIH - KK Hi -
9A2-2- BD AA 3D HH .- KK 1 D
9A2-4- npD AA B3 DD .- KK I 1
9A2-10- -- - BB I>H . K M Fii N
OAZ-11- .- -- DD IH - KK H1i 1
VII-03-1989
9A3-1F cn AA e HH BB 1K HHH -
9A3-3F BC AA DD HI BB KK Il Hil
9A3-5F - - AA DD Hiti BB KK HE b
9A3-6F -- AA 1bYB) HII BB KK HE I
9A3-8F - - AA .- HH BH KK I 15
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Table A4.1, continued.

OA3-01F
OA3- 11
QAR-13)
OA3- 1)
9A3-151-
OA3-2M
OA3-10M
OAZ- 12N\
OA3-16M
OA3-17M
OAZ-18M
OAZ-19M
OA3-20M
OA3-21M
OA3-22M
Waterton River, Alta.
VI1-27-1989
o211
9B2-51-
91B2-6}-
OB2-2MM
OB2-3M
9B 2-4M
Oldman River, Alta.
VI-27-1989
o2 1M

oC
BB
oo

CbD
BB
BC

oD
BC
cC
cC
cc

CD

Diplous californicus

Sinulkameen River, B.C.

VII-13-1989
10A2-1F
10A2-2F
TOA2-3F
TOAZ2-4F°
TOA2-5F
10A2-61-
10A2-71
TOA2-RE°
10A2-9F°
T1OA2-10F
TOA2-11F
10A2-12F
10A2-131
10A2-14F
TOA2-15F
TOA2-16\S
TOA2-17M
TOA2-18M
TOA2-19M
TOA2-20M
TOAZ-21M
10A2-22M
TOA2-23M
10A2-25M1
10A2-26M
TOA2-27M
FOAZ-20M
TO0A2-30M
TOA2-35\1
TOA2-38M
10A2-39)\(
TOA2-30M
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DD
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APPENDIX #5. VIORPHCGLOGICAL DATA

Table AS5.1: mecasurements (in micrometer units) of quantitative morphological
characters, and character states of qualitative morphoisgical characters. Pronotum W -
width; pronotum L = length; antenna OL, 10L, 11L., and OW = lengths of antennal
scgments nine, 10, and 11, and width of segment nirz, respectively: e = elvtul
microsculpture shape, from 1 {isodiametric) to 5 (troasverse): G = shape of median lobe of
male genitalia, from 1 (spoon sitaped) 10 5 (fish-hook =naped); W= staie of development
of hindwing (0 = brachyptcrous; | = mecropicrous;; wing character [ = presence of
secondary sclerotized island (O = absent; | = presen?, normal; a = present, attached to
primary sclerotized island; d = present, deformed: t = present, tiny); R1-vein character A =
length of wide sclerotized arca on Ry vein; R1-vein character B = total length of Ry vein;
wedge character C = width of wedge cell (m = wedge cell missing); wedge character D =
length of cubital vein, between the two cubito-anal cross-veins. Blanks indicate nmissing
data.

SAMPLE, || PRO- ANTINNA MOGw LECT WING RIGD WiNg ]
CODE, [ NOTUA [S1. TOL 111, 9w [ TRIVEIN] WIDGE | 1 [ TN wiin
& SEX WL A Bl C D A Bl oD

P, fossifrons (inland)

Rock Pond, Alta.
VI-29-1989

1A2-2F 74

37 20 19 28 10 1 1 1 42 49 7.5 53 I 430 32 N~
1A2-3F 80 57 20 20 28 10 1 1 1 4 52 ¥ 37 1 13 3
1A2-5F 75 59 21 21 28 10 1 I 1 43 52 9 ™
TAZ-6F 75 58 21 21 28 10 2 ] ] 36 53 R S0 ] A6 507 N2
1A2-7F 81 57 20 20 28 10 1 1 1 4314y %5 S8s
1A2-8F 78 59 20 21 28 10 1 i B 57
1A2-9F 65 49 19 19 26 9 1 1 1 36 341 6.5 47 | A6 43 5 s
TA2-10F 772 353 21 20 27 10 1 1 I 39 45 ¥ 54001 30 46 = 54
TA2-1*'F 70 33 20 20 26 106 | 1 I 39 47 K85 52 ) 39 47 =3 5|
IA2-12F 71 56 21 21 27 10 1 1 1 147 55 6 A ! A6 S e s
TA2-13F 72 54 20 20 27 10 1 1 i 42 50 7 Sz
TA2-14F 77 57 20 21 28 10 1 ] | 43 53 100 N7
1A2-15F 72 36 22 21 28 10 | ] 1 47 54 8.5 55 1 43 53 K5 36
1A2-16F 70 53 20 20 28 9 1 1 1 44 50 8.5 32 | 46 50 ¥ 52
1A2-17F 81 58 20 21 29 10 1 1 1 45 50 9 58] 46519 56
1A2-18F 75 56 21 21 28 10 | 1 1 43 50 6.5 535 | 45 83 7 50
IA2-19F 73 55 21 21 28 10 1 1 1 42 49 7 52 1 41 d9 6.5 53
IA2-20F 68 52 19 19 25 10 1 1 i 44 50 9.5 33 42 50 9 54
TA2-21F 80 60 20 22 30 10 | I 1 50 57 9 59 i 49 535 v 60
TAZ-22F 72 553 21 20 238 9 1 l 1 44 49 6 5400t 45 490 7 52
1A2-23F 73 37 1 ] 1 17 5S4 9 56 1 47 54 KBS 57
1A2-24F 72 53 21 19 28 9 1 1 1 44 519 54 1 450 519 541
TA2-25F 78 56 21 21 28 10 | 1 1 47 54 9 S 47 54 ¥ 5 57
1A2-26F 72 52 20 20 27 10 1 1 1 47 53 7.5 53 1 46 852 7.5 52
TA2-4F 72 50 20 19 27 10 1 1
1A2-45F 70 51 1 l
TA2-d46F 70 53 20 20 28 10 1 1
TA2-47F 73 53 21 20 29 10 1 l
1A2-48F 65 52 20 20 27 9 1 1
1A2-P54F 75 55 3
1A2-P62F 75 56 20 20 27 10 1
1A2-P6BF 68 52 20 20 26 10 1
IA2-PGSF 69 57 20 21 29 10 1|
1A2-1M 68 50 20 20 26 10 1 1 i 38 46 8 48} 34 47 8 49
1A2-4M 74 57 21 20 29 10 =2 1 1 44 51 9 56 | 45 52 54
1A2-27M 72 55 22 21 28 10 1 1 ! 46 52 43
1A2-28M 63 49 19 18 24 9 1 1 1 37 41 6.5 49} 38 42 6.5 a7
IA2-20M 69 55 23 22 30 10 1} 1 41 49 8.5 55 ) 40 47 m 54
FA2-30M 73 37 22 21 29 16 1 1 1 ¥ 49 | 44 52 7.5 5]
TA2-31IM 71 54 21 20 28 10 1 I 1 45 53 7 53 ) 43 52 7.5 53
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Table A5 1, continued.

Foa2 32Md F20RA 0 20 200 Qe )G i i i 42 49 7 Ky i 4
12233\ 76 5 21 20 2% 10O 1 i 1 44 50 6 5 5] 1 44
142348 74 57 21 22 27 10 2 1 1 46
TA2-35N 70 53 22 21 2K 10O i 1 ] 42 38 7.5 49 i 41
1A Fert 71 S 72 T2 ra ! ! ! 12 X 7 f =R ! 42
1A237N 69 5321 21 28 10 i ] 1 8.5 45 i a3
IA2 3N 73 56 21 210 3n 10 1 !
12230\ 69 52 21 21 2% 9 } ]
1A2-0 T7ib 32 21 21 2K 10O 1 ! f 12 49 m 17 I 42
TA24IN 74 55 23 22 3G 10 i i i 432 50 R 57 1 43
PAZ A28 66 52 20 19 25 10 i !
14233\ Y 51 21 20 27 10 ] i ] 38 45 8.5 48 1 340
FAZ 3UNT 66 Sa 20 21 27 10 1 ]
TA250M 66 5t 21 21 28 10 ! 1
IAZ SINT 73 53 212 25 1N 1 ]
I[A2-52N 62 3) 19z 27 10 i 1
FAZ2.S38 6% 33 22 22 28 1N I 1
1A2 56N 710 533 21 22 28 10 1
IA2 PSINT 68 51 21 21 28 1¢ 1
PAZ2PSENT 69 32 23 2) 2810 H
TAZ-PSONT 58 32 22 22 29 10 1
TAZ2-POGONT 62 55 21 21 29 10 1
FAZ-POING 69 53 20 20 26 10 3
PiAZPOINT 60 S3 22 21 27 140 1
PA2POINT 72 55 2 2 v 4 1
TA2PO6S5N 68 49 22 232 29 10 i
IA2- ' 06NT 71 52 21 22 29 1O i
IA2 67N 68X 52 22 21 29 9 I
PA2PT70RT 6RO S0 21 200 27 o2
TA2-PT7ING 69 53 22 -2 30 1y 2

Temm Pond, Ala

V29 FuRY
13271 a6 S50ty 1y 27 O i | i 41 47 7.5 34 )] 3i
1132 K- 7353 21 21 2¥ 1o i 1 1 46 32 8.5 88 1 48
11421 0F 740055 21 21 2810 ] } i 15 S5 RS S4 1 15
113211 7Y 55 2% 20 2 102 1 1 1 44 32 KB 5 58 1 12
1832.12¢F 72 56 22 2t 27 10 1 1 ! 15 52 7 56 1 15
1432 131 70 55 20 21 28 0 1 1 I 46 33 8.5 A6 ! 44
P32 14 6V S3 21 20 27 O i i 1 45 52 H¥.5 56 1 44
113215 70 52 20 20 27 tH 1 1 J 12 439 m 51 1 12
1122161 HS 4 19 1R 27 Y i i 1 42 50 R 45 I 42
tisZ 170 72 53 20021 240 10 i | t 42 48 6 S0 0 39
RSP NY E Y S B A i | i 4T85 ) 57 0 47
TN B TeAR Ty 20 26 E i } 1 20 48 7 5 53 1 g0
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Table AS.1, continued.

IR OGN 57 a3 1 ] O 30 a5 5 31
3I3-17N 0 S8 47 19 20 24 5 ! 9 40 48 55 40 O 39 16 5.5 32
3F4-18M 60O a8 1@ 19 27 9 5 I ¢] 33 41 5.5 4% ) 33 43 5.5 416
313 TOAS 56 417 19 19 24 9 5 1 () 31 42 420
31:3.20M1 59 43 5 1 ¢} R2 a5 400 30 42 S 40
3E3-2 1M S O45 18 18 25 9 5 ! ¢} 30 38 4.5 42 0 31 41 4.5 10
3R 101N I8 18 24 9 5 1
3131040 1

VIH-OF-T9KS
3bd-100 <2 10 1w 1R 260 y 5 ] 32 47 5.5 34 0 35 47 6 14
3417 (N A S YR £ ¥ 5 1 0 32 13 3435331 0 37 42 1.5 414
RISS IS E 18 64 AN 26 5 1 0 35 14 46 0 31 40 6 47
3BTt 65 39 9 1825 3 i 0 38 A5 6 50 0 37 49 5 49
311200 GG % 1 19 26 ® 4 1 [¢] 36 47 6.5 147 0 36 44 6.5 419
34211 65 50 19 19 258 9 43 1 §] 8] 47 0 36 50 6.5 47
3F4-221 (5 50 5 I t 37 49 55 44 t 37 46 5.5 24
314-234 448 1Y 1Y 26 Y5 1 ] 35 47 6 47 0 35 48 A5 47
3132451 62 50 19 19 26 9 4 ! () 37 439 5 460 38 50 5 47
3F:4. 251 62 50 18 18 23 9 5 1 g 36 47 5549 0 38 50 5 48
33 201 60 37 18 1% 25 ® 5 ! G 440
3134271 67 51 20 206 27 9 5 1 ¢ 34 48 4 55 0 40 52 3.5 54
33 1M 57 46 1Y 1wy 25 9 5 ! [¢) 29 41 4.5 34 0 21 43 15
3E3.2M 60 45 19 18 258 9 5 1 Q 40043 4.5 46
RIPSBCHY| 54 43 1Y 19 26 8 4 i () 20 38 4542 0 34

KIS EELN | 63 47 19 24 9 43 j 0] 34 47 6 46 G 31 50 6.5 36
345\ 53 43 i% 17 24 ¥ 5 I } 31 40 40
RIPEN LY 61 48 1Y 19 24 Y5 1 0 34 4 4.5 44
RIDS YA 57 46 19 16 24 9 5 1
SGRBM 5S4 I8 1R 25 v S i 0 29 40 4539
RIDSSULS | 55 44 v 19 25 ¥ 5 1 G 28 39 5 38
310N 55 45 19 18 24 9 5 1 4] 35 44 4.5 45
3E4-11IM 57 48 19 18 26 ¥ 4 i () 27 38 6 10
REL-12M 60 47 20 20 27 8 S i € 33 46 5.5 43
AE4-13N 59 48 18 IR 26 9 3 1 ¢] 32 42 55 41 ¢ 38 45 5.5 10
341N 6 45 19 19 26 9 5 I ¢] 25 39 6 430 33 45 6.5 14
Ab4C0EN 55 45 iR s 22 N i 0o 32 dvo4 3V 0 44 38 35 3%
AE4-P28AL SR 43 h

\V1H-22-1989

3E:S5-11 60 ST 1Y 1Y 26 v 5 I } 5 4¥ 0 34 46 3 48
3E:5-2F 65 52 t ) 0 38 533 5.5 53
31:S-3F 65 51 5 1 4] 37 47 7 48 0 35 47 55 48
5.5 61l 49 19 19 26 8 4 I 0O 42 53 5 49 0 39 49 4.5 a4y
SL6l 56 45 18 19 24 g9 5 1 0 29 37 5 37 29 38 5.5 3%

571 66 51 20 20 27 9 5 i 0 34 46 S 51

1S RE 6S 50 20 20 2% 9 5 1 O 37 49 7 19
3ES OF 60 48 18 18 24 9 5 1 0 35 6 45
RISRES RIS 63 50 19 18 24 9 5 1 37 51 6.5 48 0 36 47 6 47
35130 63 48 18 18 25 8 4 I 0] 35 48 6 17 0 334 48 6 47
35141 62 50 19 19 25 9 s 1 0 36 48 6 46 0 35 49 55 47
3L:5- 18K 63 50 19 20 25 9 5 1 G 54 6 47 0 39 50 6.5 49
354N 59 47 149 1y 25 x5 1 0 24 45 43 0 33 44 4.5 43
RS- 108 61 46 1Y 19 27 9 5 I ) 32 40 4 41
AES12M 59 46 19 12 24 9 5 I ¢ 32 42 6 42
3BES-T6N 63 48 20 1y 25 9 4 1 0 35 45 6.5 47 0 34 45 7
AES-17NM 60 49 21 20 27 9 5 1 34 44 5 434 0 5.5 48
3ES-18N €5 532 21 21 28 9 5 i 6 37 49 6 47 0 35 46 6.5 47

George Take, Alta

VII-15-1988

31371 54 41 i

IF3-24)1 59 16 !

IF3-P26E 60 48 20 20 29 X 5

RIZXE N 32 43 1
AEIAOM 59 47 i
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Table AS5.1, continued.
V-31-1989

IES-POF 35 J4 17 18 23 85

V1-20-1989

IFG-IF 19 19 27 8 4 1

36.SE 19 19 27 s 1

3r6-6F 18 18 23 8 3 1

3F6-141° 1819 21 B4 1 03 s3

3F6-18F 19 19 26 8 3 1

3F6-19F 16 17 24 ¥ A i

IF6-21F 1% 19 2 ® 5 1

316-2M 19 19 25 r 3 1

3F6-3\ 19 19 29 9 3 i

3[°6-15\N1 20 20 25 9§ i

3F6-16M 20 19 26 8 4 !

3F6-20M1 18 18 25 8 5 !

3I76-22)\ 1 1y 20 25 R 5 !

3F6-7 s 1

3168 s |

3F6-17 19 19 X4 1

VI-06-1989

3F7-P371F 3% 50 19 19 25 9 3

3F7-38F =38 45 19 19 25 84 b0 2350 7 47 0 3% 50 75
3F7-39F 51 a4 1R 23 5 I 0 33 7 6 12 0 3 47 ¢ a2
3F7-31F 538 46 20 20 25 2 8 1 0 R % T A N N IR S Sk
3F7-P42F 86 43

3F7-P43FF 54 39 17 17 24 RS

AF7T-HF 55 45 18 18 25 84 1 0 23 ax S 0
IF7-45F 58 45 3 i ! 437 as
3F7-36F 59 48 19 19 24 8 g i S O R U N ¥
3E7-47F 61 48 20 20 27 0”3 1 O 0 S2 TS 47
3F7-48F 58 47 18 I8 24 &5 ! 0 ixsd 47
3F7-49F S8 46 20 20 26 K 5 I 0 33 37 6 47 0 65 43
3F7-30F 6l 47 19 19 25 8 3 i 0O 38 56 65 30 0 39 53 ¢ 0
AT-5F 62 48 19 19 26 93 1 0 W 33 9 S0 37 32 v S
AF7-52F 61 46 19 19 27 o 3 L T A A ¢
37331 37 47 1% 18 25 93 10 34 46 5 Jd6 0 36 Si 6 aRr
3F7-54F 55 47 e 19 25 08 4 10 340 52 1 a6 0 39 54 02 17
AF7-55F 58 47 1y 19 25 9 4 oo 37 47 60 a7 0 36 47 6 a1y
3F7-56} 38 45 18 I8 25 8 3 10 33 46 55 46 0 36 4% 65 a7
3F7-1AM 56 46 19 20 25 B 3 10 37 47 55 15

3F7-2M 56 45 20 19 26 9 A I 0 34 345 6 a8 0 36 4% 65 g%
3177-3M 5142 19 19 24 9 3 1

RISy RELY| 55 44 19 19 25 83 1 642 00 38 a8 60 a2
3FF7-5M 57 43 20 20 25 9 3 10 34 4304200 3 a7 4s a8
3F7-6M 36 46 1y 19 23 9 5 i 0 38 36 65 49 60 32 a7 7 !
3FE7-7M 56 45 19 20 26 9 3 10 32 a5 6 41 0 35 36 4 a2
3F7-8M 55 44 19 20 25 9 < 0 2 a7 6 a3

317-9AtL 60 14 I 0 30 a1 7 ai

3F7-10M 58 47 19 19 25 4 5 1 138 50 65 .46
AF7-1IM 55 43 18 19 25 8 A o0 32 33 0 g2

3F7-12M 37 44 20 19 26 B 5 1 037 a9 2 4
IETIOM 55 46 19 19 26 9 3 P00 34 48 6 4 00 32 45 65 43
3F7-14M 55 42 19 19 214 9 5 b0 1338 0 32 45 5 39
3F7-15M 59 48 19 19 25 9 5 i 0 37 33 5549 0 3% 52 6.5 50
3F7-16M 61 48 20 19 26 8 5 I 0 33 46 6547 0 33 45 7.5 47
3F7-17M 54 44 18 19 24 8 5 I 0 34 a6 41000 33 39 7 4]
3F7-18M 533 49 19 19 25 & 5 b0 29 47 4.5 45 0 29 4.5 44
3F7-19M 58 45 18 19 25 8 5 0 31 12 6 41 0 29 44 6 39
3F7-20M 51 44 19 19 25 5 5 1 0 29 43 55 4} 50 39
3F7-21M 57 45 19 19 26 8 5 I 0 33 a4 7 42
3F7-22M 58 46 4 i ) 35 346 65 44 0 17 48 65 44
3F7-23M 54 44 20 18 25 8 4 I 0 32 43 6543 0 33 46 65 42
3F7-24M 37 46 20 20 25 8 3 b0 34 3% 6 45 0 34 50 5 46
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Tble AS. 1, continucd.

317 28N 57 3¢ 24 260 25 b 5 1

31726\ 56 43 18 1Y 25 ¥ s i

31727\ 55 344 19 19 25 ¥ 3 I () 6.5 42 [¢] 20 45 6.5 41
3728\ 56 44 19 1w 25 X 4 I 0 29 16 6.5 43 0 30 45 43
35T7-29M 58 45 25 ¥ 5 i

341-7-30M 538 44 25 = 3 i

31-7-31M 55 43 1¥ 1Y 25 8 4 1 ¢} 32 43 1.5 42 O 32 42 S 30
3f-7-32M1 55 45 20 20 26 8 5 1 0 36 49 5 47 0 36 47 5 47
3F7-33M 55 43 19 18 24 g 1 1 t 40 t 32 42 7 39
3F-7-34Md 62 4% 1Y 200 27 8 5 i

3F7-35M S8 46 20 19 24 ¥ s 1

37360 60 36 1Y 1Y 27 8 5 1

37-P40ON 6 46 19 18 24 oS 5

31F7-PS7N 83 43 19 19 25 ] 5 A

VII-20-1989

RIR BN 57 45 20 20 27 8 5 i

V091990

3102 57 47 1

319.31 63 1Y 1

3F9-1M 55 43 I
Totig Lake Pond, Alta

VI-22.1988

3G2-PI2FF 89 48 19 19 2S > )

3G2PI3Y 61 48 19 19 20 9 h

3GZPISE 60 36 1R 19 258 9 5

IG2-P17F 63 30 19 19 27 3 3

IG2-PIIN 54 42 18 18 26 8 5

3CG2-PIANE 59 17 19 20 25 ¥ 3

3Gi2-PloNt 33 42 20 20 25 8 5

3CI2-PI8NT S8 45 20 1y 20 3 5

V1271988

3Gi3-141F 4 1 (¢] 33 50 8 48
ICiR-18) 4 1 ¢} 34 55
3(:3-20¢ ] ¢ 36 S0 27 7.5 50
3(33-221° 5 l 0 33 51 6.5
3G3IN ) 1 0 20 a3 11
3(33-5M1 19 18 25 8 5 1

336\ 20 20 27 5 1

ICIR-TA 3 1 0 36 47 S5 47 G 35 50 © 48
3(33-9M 5 1 35 4.5 44 0 32 46 6.5 44
RIGEE BRI 5 1 42 4.5 43
3G 3-13M 19 19 25 8 5 ]

33323\ 19 19 27 9 5 1

3C13-240M 20 20 27 % 5 1

NVHE ET-1T9RR

3347 59 313 19 19 25 8 5 1 t 33 46 6 440 30 45 7 44
VIL-OT7- 1989

1G5 537 47 19 19 215 9 3 1 4] 36 51 7.5 4% O 35 49 7 47
IG5 28 63 50 18 i8 25 9 4 1 (¢} 37 47 6 49 a 39 49 7.5 47
3Gi5-9F 61 49 1

3G5- 11 6O S8 18 18 24 8 5 1 0 36 53 6.5 47 O 36 50 6 46
3Ci5-3M 38 46 19 10 24 8 5 1 0 37 49 O 48 0 42 50 7 48
3C35-4M 60 a8 20 21 27 g 5 1 O 6 44 0 55 46
3G3-5M 60 46 20 20 27 9 5 1 O 33 44 5.5 41 O 34 45 6.5 41
3Ci5-60M 52 42 i9 19 25 &8 5 1 0O 33 43 6 43 O 33 44 5§ 42
3IGA-7NM 52 45 20 20 25 9 5 1 0 34 45 6.5 45 O 34 46 6 44
3GS-8M 59 47 1

IG5 10N S8 48 20 20 25 8 4 1 0O 353 51 1...52 O 36 52 55 52
Hinton, Alta

VII-11-1980

3H2-7F 6 49 19 19 25 8 5 1

IHR2-RF 61 47 IR 18 26 9 4 i

32.91 39 47 18 18 24 g8 5 i d 36 48 7.5 49 O 38 46 7.5 48
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Table AS. 1.
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Table AS. 1, continued.
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PO NSe Thesis

Table AS5.1, continued.

ANTI-PS3IY 60 48 18 18 25 W -4
ANI-PS6F 61 49 20 20 28 9 3
3NI-P57F 63 S2 20 20 2 U4
ANI-PS8IF 62 47 18 I8 26 [
ANI-PSSF 64 S1 19 20 27 AR
3NI-POOY 62 37 19 20 26 fad 3
ANI-POIT 38 45 18 IR 74 % 3
ANI-PE2F 67 51 20 20 27 D
ANI-P6G3F 59 48 138 18 24 9 4
AN1-P64F S8 45 17 19 25 9 3
3NI-P70M 539 48 19 19 26 9 3
3N1-P7INM 38 46 20 21 27 2 :
3NI-P72M 61 47 19 20 27 9 4 ]
3NI-P73M 60 47 20 20 26 9 3 5
3NI-P74NM 60 47 20 19 2 & 3 s
INI-P73M 63 348 19 () 25 10 3 -
ANT-P76M 62 49 19 18 23 9 2 B
ANI-P77M 38 47 18 18 26 9 4
ANI-P78N 56 44 19 19 26 8 3 :
3NI-P79M 58 44 19 19 25 9 1 3
3N1-PBONM 58 46 19 19 26 g 3 5
3NI-P8IN 59 46 18 19 26 9 3 5
ANI-P82N 55 43 19 19 126 9 3
ANT-P8AN 53 40 16 16 22 8 3 3
ANI-P83N 537 45 19 19 25 o 3 5
ANI-P8GN 54 43 19 19 25 9 3 s
ANI-P87NM 60 47 19 18 24 9 3
ANI-P&&NM 58 45 19 19 26 9 3 3
3N1-P8ON 63 50 20 20 28 9 3 B
INLI-POON 57 48 21 20 24 8 4 3
3NI-POIN 62 48 19 20 25 10 4 4
ANI-PO2RT 60 50 20 21y 26 0 3 -3
ANI-PO3N 56 44 19 18 25 9 3 5
3NI-P94N 57 46 19 19 26 9 4 5
3NI-POSN 62 S0 20 20 26 9 1 3
ANLI-POON 539 46 20 19 24 9 4 )
3NI-P9ONt 55 44 18 18 22 9 3 3

Cranbreok, B.C.
various dates
301-P-1F 606 46 18 IR
30C1-P-2F 61 46 19 19
301-P-3F 63 49 19 19
301-P-4F 65 32 18 I8
301-P-3F 64 50 18 19

<
w4l

e
{
-

23

24

25

25

2
301-P-6FF 62 47 17 18 24 & 4
301-P-7F 64 50 18 18 27 9 5
301-P-8F 64 50 19 20 25 9 3
301-P-9F 63 42 20 19 27y 4
301-PIOF 59 46 19 21 26 9 3
301-PIIF 61 45 19 20 27 9 4
301-PI2F 64 49 19 20 26 & 4
R01-PI3F 67 52 19 19 26 9 4
301-P14F 63 49 19 19 25 9 4
301-PISE 68 51 19 20 27 9 4
301-PI16F 60 46 19 19 25 8 4
I0L-PITE 67 49 19 20 25 o 4
301-PISF 68 52 19 19 25 9 4
301-PI9F 60 45 18 19 26 9 4
301-P20F 65 50 19 19 26 9 3
IDLP2IF 64 49 20 20 26 9 4
301-P22F 62 47 20 20 25 9 4
3C1-P23F 65 51 20 20 26 9 3
201-P24F 64 49 18 18 25 ¢ 4
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Tabie AS5.1, continued.

301-P25F
301-P26F
301-P27F
301-PZ8F
301-P29F
301-P30F
3O1-P-1M
3G1-P-2M
301-P-3M
301-P-4M
30G1-P-5M
301-P-6M
301-P-7M
301-P-8M
3(01-P-OM
301-P10M
2O1-PIIM
301-P12M
301-PI3M
301-P1aM
301-P15M
301-P16M
301-P17M
301-P18M
30O1-P19M
27 PADNS
3:01-P21M
30!1-P22Ni
3031-P23M
301-P24M
301-P25M
3G1-P26M
301-P27M
301-P28M

62 417
65 49
65 49
61 49
66 50
64 50
66 4R
61 48
65 50
60 48
59 47
63 49
60 46
61 50
60 36
61 16
61 46
65 50
61 46
59 47
60 46
59 47
64 =0
63 50
62 48K
130
57 47
59 45
59 S
1

45
47
59 46
61 46
63 46

58 16

Columbia Lake, B.C.

VII-31-1956
3P1-PA1F
3IP1-P42F
3P1-P43F
3P1-P44F
3P1-PASE
3P1-Pi6F
3P1-P35M
3p.pseM
3P1-PSTM
3P1-P58M
3P1-P59M
3P1-P6OM
IPI-P61M
3P1-P63M

Wardner, B.C.

VI1-27-1956
AQ1-PS5F
3Q1-P36F
3Q1-P57F
3Q1-PS8E
3Q1-PROM
301-PRINM

Kavanaugh's Pond, Alt.

VII-18-1970
3R1-P-1F
3RI1-P-2F
3RI-P-3F

54 44
61 317
62 4R
58 45
59 a6
62 48
62 48
61 48
63 47
63 49
58 45
57 44
54 43
59 47

62 50
62 48
62 51
60 45
58 46
56 43

63 438
62 47
58 46

IR
19
18
19
19
20
19
21
20
19
Iy
19
19
20
10
19
19
21
i9
20
18
19
20
21
20
[
20
19
18
19
20
18
19
19

1%
iR
18
i8
I8
19
20
20
20
19
19
20
17
19

18
20
19
18
18
19

19
19
19

19
19
19
19
20
20
19
21
20
20
20
19
19
19
19
20
H
21
19
i9
13
19
19
20
20
21
19
19
18
19
20
19
19
19
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18
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18
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19
20
20
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19
18
19
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19
19
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20
19

19
19
20
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Table AS. 1, continued.
IRI-P-4F 62 48 19 18
3RI-P-SF 63 44 18 19
3RI-P-6IF 60 343 18 19
IRI-P7F 65 50 18 19
3RI-P-RIE 56 44 18 18
IRI-P-9FF 64 48 20 20
AR1-[Z1EF 59 45 18 19
IRI-POIN 5747 200 20
IRI-P-2M 61 47 206 20
IR1-PP-3M 62 46 20 20
3IRI-P-4h 60 45 19 20
3RI-P-SN, 00 45 19 1y
IR1-P-6N 57 42 19 19
IRI-P-TM 61 47 20 19
3RI-P-8\M 57 49 20 19

Kananaskis, Alta.
VI-02-1969
381-2-3F 56 46 17 18
3S1-P-INT 58 47 19 19
351-P-2M 37 45 20 20
3S81-P-4M S5 25 18 19
Bull Pond #2, Aha.
VII-" - 1988
37 --1F 61 434 20 19
island yond, B.C.
VII-28-1955
IVIPRINT 62 48 1R 19
P. fossifrons/stygicus
Waricinda, Washington
VIl 14-1989
4A2-20F 73 54 18 18
Rock Pond, Alta.
V1-29-1989

AD2.P55NM 70 50 22 21
Ball's Pond, Alta.

VI1-26-1956

I1L1-102N8 67 49 22 22

24 %
25 9
25 8
27 9
x4 9
27 9
26 9
27 9
26 9
26 9
26 Y
26 8
27 8
26 9
27 %
23 8
25 8
26 9
25 bS]
25 9
26 10
hybrids
25 9
27 10
30 9

PPOHLL - MSce. Thesis

5

4

5

5

S

5

3 1 0 21 43 « 43 8} 32 43
5 4

5 5

3 5

B 5

5 5

5 5

5 4

5 5

5

35

5 5

3 i

5 1 6] 35 50 © 149 0 36 50
3 5

2 (&)
5 3 0
5 4 4]

4.5 49
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