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ABSTRACT

We studied the reproductive status of cytospecies and cytotypes of the Sinuliunt arcticum complex
at four sites in Montana by comparing banding sequences of polytene chromosomes of the larval
salivary glands to 1) identify cytospecies and cytotypes, 2) determine genotypes and frequen-
cies of autosomal polymorphisms, and 3) assess the degree of reproductive isolation of taxa.
We hypothesized that taxa within the complex that have large geographic distributions would be
reproductively isolated in sympatry, while those that have very limited geographic distributions
would not. Data from four separate collection sites support our hypothesis and possibly suggest

a model for divergence within the group.

Key words: black flies, reproductive status, siblings, cytospecies, cytotypes, autosomal

polymorphisms, hybrids

INTRODUCTION

In black flies (Diptera:Simuliidae)
the morphospecies of classical taxonomy
often reveals itself as any number of sibling
species when polytene chromosomes
of larval salivary glands are analyzed
(Rothfels 1956). Taxa are described
primarily on the basis of fixed-inversion
sequences and by the presence of sex-
linked chromosomal rearrangements and
other features of their biology including the
extent of shared autosomal polymorphisms,
presence or absence of supernumerary
or B chromosomes, the most advanced
developmental stage of meiosis, and
numbers of generations/year. We describe
populations as cytotypes if they are
cytologically distinct, whereas we designate
sibling species status (cytospecies) if these
cytologically defined taxa are reproductively
isolated from other such forms in sympatry.

Shields and Procunier (1982) described
five siblings of the Simulium arcticum
complex in Alaska and western Canada (S.
arcticum st, S. arcticum 1L-3-4, S. arcticum
IIL-1, S. arcticum 11L-2, and S. arcticum
I1L-3). The former two and the latter two

have now been designated S. brevicercum,
S. negativum, S. saxosum, and S. arcticum
sensu stricto, respectively (Adler et al.
2004). Two additional siblings, S. arcticum
[IL8-9/11S-10-11 (S. vampirum, Adler et
al., 2004) and S. arcticum 11S-4, have
been described from the Athabasca River
drainage of Alberta, Canada, by Procunier
and Shemanchuk (1983) and by Procunier
(1984), respectively. Finally, two other
siblings, S. apricarium and S. chromatinum,
have been recognized (Adler et al. 2004).
We have recently documented the
presence of S. brevicercum, S. negativuni,
S. arcticum sensu stricto and S. apricarium
in Montana along with eleven cytotypes of
the complex (Shields, unpub.). Distribution
of siblings in the S. arcticum complex
is associated with elevation in Montana
(Shields et al. 2006). The considerable
diversity within a single morphospecies
and the abundance of larvae here provide
opportunity to investigate the extent of
reproductive isolation of taxa in sympatry.
the focus of this research. Specifically, tests
of the extent of reproductive isolation in
sympatry can be conducted because taxa can
be differentiated by the presence of unique
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sex-linked chromosomal rearrangements and
individuals of each type can be scored for
autosomal polymorphisms that can then be
subjected to genetic equilibrium analyses.
While fixation of alternative inversion
equences between two taxa in sympatry may
suggest reproductive isolation, sharing of
identical polymorphisms does not necessarily
indicate random breeding. Black flies (Rothfels
1978). including cytospecies of the S. arcticum
complex, share autosomal polymorphisms that
are retained in respective populations after
reproductive isolation has occurred (Shields
and Procunier, 1982; Adler et al. 2004).
Cytospecies of the arcticum complex
are broadly distributed across western  orth
America (Adler et al. 2004), whereas 11
new cytotypes in Montana have restricted
distributions, some of which occur
only at a single site within a drainage
(Shields, unpub.). Patterns of geographic
distribution suggest that cytospecies may be
evolutionarily old and genetically divergent
from other members of the complex while
cytotypes may be evolutionarily young
and still in the process of divergence from
other types with which they are sympatric.
The combination of this diversity at the
level of chromosomes and knowledge of
the geographic distributions of the various
types suggests the possibility of defining
the extent of reproductive isolation for each
taxon and may allow insight into the process
of speciation. As Jerry Coyne and Allan Orr
(2004:69) emphasize in their recent book,
Speciation, “How canwe tell which isolating
barriers actually caused speciation instead
of having evolved after speciation was
complete? Comparative analysis of taxa at
different stages of evolutionary divergence,
ranging from populations through full
species, may show which barriers persist
throughout this transition.” In the present
study, we determined distribution and
frequency of autosomal polymorphisms
among taxa of the S. arcticum complex in
sympatry to estimate extent of reproductive
isolation. We hypothesized that taxa with
broad geographic distributions would be
reproductively isolated in sympatry while
those with limited distributions would not.

MATERIALS AND METHODS

Assessment of Reproductive Status
Tests of reproductive status of
cytological entities can be conducted
in a number of ways. Taxa that develop
at different times (temporal isolation)
cannot produce hybrid progeny. However,
reproductive status of two cytologically
distinct taxa in both sympatry and synchrony
can be determined by analysis of the
distribution and frequency of autosomal
polymorphisms and other cytological
criteria. For example, presence of alternative
homozygotes, without heterozygotes,
suggests reproductive isolation. Floating
autosomal polymorphisms among types
can be tested for adherence to equilibrium
frequencies and thus indicate reproductive
status.

Chromosome Nomenclature
Sex chromosomes in black flies
are often associated with chromosomal
rearrangements. Thus, for most cytospecies
and cytotypes within the S. arcticum complex
males are heterozygous for unique. sex-
linked inversions whereas females generally
possess the standard chromosome sequence.
Consequently, we designated the sex
chromosomes of females as X X to indicate
that they possess the standard (non-inverted)
chromosome sequence for corresponding
sex-linked inversions in males. Males are
characterized as having one chromosome,
the X with the standard sequence. X, and
a second chromosome Y with a paracentric
inversion. Sex-linked inversions are
numbered according to the sequence of their
discovery. For example, S. arcticum 11L-1
males are designated XY, .and thosein S
arcticum s. s. as X 'Y .. Sex-chromosomes
in S. apricarium are polymorphic for all
classes: thus, females can be X X . X X

ne-7°
or X,., X,,., whereas males can be X Y, X
Y, .»or X, ,Y,., The subscript indicates

the specific inversion characterizing each
sibling or cytotype.

Selection of Sites
Presence of autosomal polymorphisms in
sufficient frequencies allows statistical analyses
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at sites where two or more siblings or cytotypes
are present. Our previous observations (Shields,
unpub.) suggested that study of the extent

of reproductive isolation among cytological
entities of the S. arcticum complex was possible
at four sites (Fig. 1, Table 1).

Sample Collection and Analysis

At each collection site we sampled larvae
regardless of species richness. Larvae were
removed from various substrata and fixed in
cold Carnoy’s fixative. Upon return to the
laboratory we sorted larvae of the S. arcticum
complex to morphospecies (Currie 1986)

and selected penultimate and ultimate instar
larvae for analysis because they possessed
polytene chromosomes of the highest quality.
We used the Feulgen method of Rothfels and
Dunbar (1953) to stain polytene chromosomes
and gonads and used standard chromosome
maps of the S. arcticum complex (Shields and
Procunier 1982) to differentiate cytospecies
and cytotypes and to determine frequencies of
autosomal polymorphisms. Hardy- Weinberg
equilibrium statistics were calculated where
cytospecies and cytotypes were present in

geographic sympatry.

Figure 1. Map of Montana showing the three major drainage basins (Clark Fork, Missouri,
and Yellowstone rivers), along with most other drainages, and the specific locations of

collection sites studied here.

Table 1. Sites studied, taxa analyzed in detail, collection schemes, and autosomal
polymorphisms used to determine reproductive status of various siblings and cytotypes of the

S. arcticum complex in western Montana.

Collections Autosomal Polymophisms

Analyzed in Detail

Location Taxa Present
Blackfoot River S. negativum

and S. arcticum lIL-9
Upper Spring Cr. S. arcticumIL-10
Little Prickly S. arcticum s.s.
Pear Creek and S. apricarium
Rock Creek S. arcticum IL-9

and lIL-19

34

Shields et al.

Eight dates, IS-1, IL-3.4, 11S-10-11,
four summers [lIL-4

Five years None

Four summers I1S-10-11, lIL-20
Single date IS-1,IL-1,IL-3.4
(3/14/06)



De cription of Sites

Blackfoor River.— This site was chosen
for study because previous analysis indicated
the abundance of at least one sibling, S.
negativum (11.-3-4, Fig. 2), and one cytotype,
S. arcticum 11L-9 (Fig. 3). Other taxa of the
complex were present but in low numbers.
Al o, certain autosomal polymorphisms
appeared to be in ufficient abundance to
perform equilibrium analysis. We sampled
this site at three-week intervals from mid-
March to mid-July in parts of four years.

Upper Spring Creek.— This site
appeared to be unique among 40 sites
analyzed (Shields, unpub.) in that only one
cytotype was present year-round. This site

has been sampled for five year , with the
composite sample representing each month
of the year.

Little Prickly Pear Creek — Previous
analyses indicated presence of two cytospecies,
S. arcticum s. s. (11L-3) and S apricarium
(IIL-7). The latter was said to be reproductively
isolated from other known taxa of the complex
(Adler et al., 2004), though study on the
scale intended here ( > 1000 larvae) had not
yet been conducted. We used autosomal
polymorphisms [I1S-10-11 (L ig. 4) and [11.-20
to estimate reproductive status at this site.

Rock Creek.  Previous analyses
indicated the presence of at least two
cytotypes, S. arcticum 111.-9 and S. arcticum

Figure 2. Chromosome map of a portion of the long arm of chromosome I of the S arcricum
complex (modified from figure 4 of Shields and Procunier, 1982). Brackets indicate

breakpoints of the IL-3.4 and I1.-1 inversions.

umbers below the chromosome indicate

sections of the chromosome, as is the case in Figs. 2-6.

IIL-9
1IL-10

55
I1L-20

Figure 3. Chromosome map of a portion of the long arm of chromosome Il of the S. arcticum
complex (modified from figure 5 of Adler et al., 2004). Brackets indicate breakpoints of the
ITL-3, 11L-7, 1IL-9, 11L-10 and 11L.19 sex-linked inversions and the [IL.-20 autosomal inversion.
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IIL-19, with chromosomes of excellent
quality so that we could determine all three
genotypes of the autosomal polymorphisms
IS-1 (Fig. 5) and IL-1. Our investigation of
the reproductive status of S. arcticum 11L-9
and 1IL-19 was based on analysis of larvae
collected only on 14 Mar 2006.

RESULTS AND DISCUSSION
Blackfoot River

Our analyses of seven collections from
the Blackfoot River are shown in Table 2.

[1S-10

Because of high water at the Blackfoot in
late March and April 2006; we were unable
to determine presence of the S. arcticum
complex but rather used samples collected
at comparable dates in 2003 and 2004. The
data suggested 1) an early presence of the
cytotype S. arcticum 11L-9, 2) presence of
the cytospecies S. negativum (S. arcticum IL-
3-4) in May and June, and 3) a return of 1IL-9
in July. We suggest temporal reproductive
isolation because neither taxon appeared in the
presence of the other though overlap of adults
may have occurred. Genetic data suggested

V4

Figure 4. Chromosome map of the short arm of chromosome II of the S. arcticum complex
indicating breakpoints for the 1IS-10 and 11S-11 inversions (modified from figure 5 of Shields

and Procunier, 1982).

IS-1

Figure 5. Chromosome map of the short arm of chromosome I of the S. arcticum complex
(modified from figure 3 of Shields and Procunier, 1982). Brackets indicate breakpoints of the

IS-1 inversion.
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that if hybrids had been formed when and if
the taxa were synchronous, they were formed
in low numbers.  Specifically, the entire
population of 111.-9 was fixed for the standard
homozygote of the autosomal inversion II -
10-11 in late March (Table 3). Alternatively,
125 of 129 individuals of  S. negativum
collected in May and June were inverted
homozygotes for IS -10-11, which suggested
near total reproductive isolation. A similar
pattern occurred for the transition from S.
negativum in June to S. arcticum 111.-9 in July.
Although 100 percent of males after March and
prior to July were S. negativum, no negativum
larvae occurred in July (Table 2), and among
103 larvae analyzed from July 10, none were
IIS-10-11 inverted homozygotes (Table 3).
Therefore, we observed little evidence for
hybridization between S. arcticum 11L-9 and
S. negativum at the Blackfoot River. Eleven
IIL-19 males occurred in the 30 Mar 2003
collection of which all were 11S-10-11 st/st that
also indicated potential temporal and genetic
reproductive isolation from S. negativum.
Distribution and frequency of two other
autosomal polymorphisms, I11L.-4 (Fig. 6)
and IS-1, were of interest. I11L.-4 occurs
in low frequency (% heterozygosity) in the
[1L-9 population in March and increased
dramatically to ~ 33 percent heterozygosity
in the negativum population in May and
June, but was not present in the July
population of arcticum 111.-9 (Table 3). This

suggested additional support for reproductve
isolation between S. negarivum and the
second generation of S arcricum 11L.-9 1n
July.

Early and late populations of 1IL-9 had
similar distributions of the IS-1 invension.
with 19.1 and 13.9 percent heterozy gosities.
respectively, and were in equilibrium (Table
4). However, within the S. negativum
population, 81 percent of males were
heterozygous for the 1S-1 inversion (‘Table
4). Thus, there may be two Y chromosomes,
I1.-3-4 and 11.-3-4 + IS-1. in the S. negativum
population at the Blackfoot River

Two 11.-3.4 males occurred in the
28 March 2004 collection, whereas three
male and two female larvae were 11.-3-4
in the 10 Jul 2006 collection. One of these
male larvae was a I11.-3 heterozygote and
two other males were 111 -9 heterozygotes.
All these lanv ae were chromocentric and
possessed positive head patterns, unlike
the achromocentric S. negarivun that has
negative head patterns in its females (Adler et
al. 2004). This suggested that the 11.-3.4
inversion is autosomal in the March and
July populations of S. arcticum 111.-9 at the
Blackfoot River. while being sex-linked in
the S. negarivum population in May and June.
One individual in the March collection and
two in the July collection were I11.-9 inverted
homozygous males (Table 2.). One male
[11.-3/111.-7 heterozygote was also obsen ‘ed.

Table 2. Cytological diversity of the Simulium arcticum complex at the Blackfoot River,
Russell Gates Campground. Missoula County, Montana.

Females

Xoxo X0X|L734 XoY
Date
3/13/06  no larvae present
3/28/04 31 0 1
3/30/03 54 0 0
4/1/05 17 0 0
5/9/06 many small larvae
5/18/03 7 0 0
5/23/06 7 6 0
6/15/06 25 2 0
7/10/06 54 0 5
Total 259 8 6

Males
XO Y 34 XOY L3445 XOYIIL-Q x L-QYI 9
0 0 27 1
0 0 27 0
0 0 10 0
6 6 0 0
8 60 0 0
2 6 0 0
0 0 42 2
16 72 106 3

Reproductive Status of Cytoforms in a Black Fly Complex in Montana 37



Table 3. Distribution of autosomal polymorphisms among members of the Simulium arcticum
complex at the Blackfoot River, Russell Gates Campground, Missoula County, Montana.

Date Autosomal Polymorphisms
3/13/06 no larvae present

S. arcticum IIL-9

11S-10.11 lIL-4
st/st st/i ifi % stfi
3/28/04 60 0 0 9.7
3/30/03 81 0 0 not scored
4/1/05 10 0 0 0

S. negativum

11S-10.11 lL-4
st/st stfi ifi % st/i

5/9/06 many small larvae
5/23/06 3 0 145 40.0
6/15/06 1 0 34 37.1

S. arcticumIL-9

[1S-10.11 [IL-4
st/st st/i ifi % st/i
7/10/06 102 0 0
Total 247 125
C.
/
o
& o
R
—— 2]
1IL-4
©
(o))
s T~

Figure 6. Chromosome map of the long arm of chromosome 111 of the S. arcticum complex
(modified from figure 8 of Shields and Procunier, 1982). Brackets indicate breakpoints for the
[11L-4 autosomal inversion.
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Table 4. Distribution of the IS-1 inversion among sexes and populations of the S. arcticum
complex at the Blackfoot River, Russell Gates Campground, Missoula County, Montana
and Chi-square Statistics Based on Equilibrium Frequencies of Genotypes.

S. arcticum lIL-9

P

3J

st/st st/i i
30 7 0
27 2 0 X2=1.06,
12 0 0 df,060<p<0.70

S. negativum

16 72 0 X2=126,

df, 0.01<p<002

S. arcticumIIL-9

st/st stfi ifi
3/28/04 25 6 0
3/30/03 54 7 0
4/1/05 12 4 0
5/18/03 109 10 0
5/23/06
6/15/06
7/10/06 51 4 0

We did not observe inversion
homozygotes for IS-1. The eight females
heterozygous for the IS-1 inversion may
represent sex-exceptional individuals. On
the contrary, IS-1 was apparently autosomal
in the 11L-9 populations because in both
early and late populations the distributions
occurred as expected: March, X*=0.904, d
£.2,0.70< P <0.80: July, X*=0.648, d {.2,
0.70 < P < 0.80. Although we observed no
IS-1 homozygous inverted individuals for
the 11L-9 cytotype in our samples, expected
probabilities indicated that there should have
been at least one in each population.

The single II1S-10-11 heterozygote
in the 10 July population of S. negativum
is of interest. No males of S. negativum
occurred in our samples from 10 July.

Since this 1IL-10-11 heterozygote was also
heterozygous for I1L-9, it might have been

a hybrid between a I1L.-9 male and a S.
negativum female. However, tight pairing of
the homologs of this individual suggested
that it was not a hybrid. Alaskan populations
of S. negativum (Shields and Procunier
1982), as well as populations at the Gallatin,
Sun and Yellowstone rivers in Montana,
were not polymorphic for either IS-1 or

for 1111.-4 (Shields, unpub.). Thus, these
polymorphisms may be newly derived in the

42 1 0 X2=061,

df, 0.70<p<0.80

populations at the Blackfoot River.

Eleven I11.-19 st/i males occurred in
the 30 March 2003 sample at the Blackfoot
River of which all were [IS-10-11 st/st
homozygotes, suggesting that they were
reproductively isolated from S. negativum.
Presence of two I1L.-3/I1L-7 heterozygotes is
of interest because only one male S. arcticum
s. s. larva (I11.-3) and no S. apricarium
(ITL-7) larvae were found among nearly 400
larvae analyzed from this site. These I11.-3/
I1L-7 heterozygotes were also heterozygotic
for a large inversion near the end of the
IIL-arm. Presence of two S. arcticum s. s./S.
apricarium heterozygotes was difficult to
explain because the apparent parental types
were either rare or nonexistent. This may be
a case of very rare polymorphisms. Whereas
I111.-4 may be shared by local populations
of S. negativum and S. arcticum 11L-9, our
data suggested that the later population of
[IL-9 may be derived from the early II1.-9
population.

Upper Spring Creek

Our analyses of larvae from Upper
Spring Creek are shown in Table 5. Y-linkage
of the IIL-10 inversion appears complete since
all males and no females analyzed possess
this inversion. Some I1L-10 larvae at this site
possess as many as four B chromosomes in

Reproductive Status of Cytoforms in a Black Fiy Complex in Montana 39



their germ lines. All of these characteristics,
particularly 1IL-10’s unique presence as larvae
year-round, suggested that S. arcticum 11L-10
at Upper Spring Creek was reproductively
isolated and may be a good biological species.
The IIL-10 cytotype spends winter as larvae,

Table 5. Temporal Distribution of the S.
arcticum 11IL-10 Cytospecies at Upper
Spring Creek, Fergus County, Montana.

Date Females Males
XO XU x0 Y10

1/22/05 4 1
1/26/03 11 25
2/7/04 3 2
2/17/02 3 1
2/27/04 12 8
3/25/06 5 10
4/24/04 37 25
5/21/05 8 1
7/16/05 1 6
10/5/03 9 3
Total 102 92

whereas many other taxa of black flies spend
winter as eggs (Adler et al. 2004). Possibly as
a consequence of this early maturation, male
[1L-10 larvae at Upper Spring Creek possess
mature sperm in February (Shields, unpub.).
Documentation of species status for I1L-10
might require collection of pupae that could
be reared to adults.

The unique presence of the 1IL-10
cytotype at Upper Spring Creek may have
been due to characteristics of the drainage.
The creek originates from Big Spring, a
natural freshwater spring with a relatively
constant flow rate year-round. Moreover,
water temperature at Upper Spring Creek
was nearly constant yearlong having a range
of temperatures of only 10 to 13 °C (Shields,
unpub.). This restricted range in temperature
at Upper Spring Creek occurs when other
non-spring fed drainages nearby experience
temperatures from 0 °C in December to 24
°C in August. Relatively constant flow rate
and water temperatures at Upper Spring
Creek possibly provide a unique environment
for IIL-10 arcticum.

40 Shields et al.

Little Prickly Pear Creek
We have monitored the presence,

density, and number of potential hybrids of
S. arcticum s. s. and S. apricarium at this site
since 2002. Most populations of S. arcticum
s. s. in allopatry are fixed for the standard
form of the 1IS-10-11 sequence, whereas most
pure populations of S. apricarium are fixed
for the inverted homozygote (Adler et al.
2004). Potential hybrids between the two taxa
therefore, might be indicated by the presence
of 11S-10-11 heterozygotes. Thirteen of the
1254 larvae analyzed (0.01 %) at this site
were [IS- 10-11 heterozygotes (Table 6) and
these may suggest rare hybridizations between
S. arcticum s. s. and S. apricarium. However,
this number could be misleading. Both IIS-
10-11, and especially IIL-7, are polymorphic
in some populations, especially westward
in the distribution (Adler et al. 2004). This
could explain six of the 1IS- 10-11 st/i larvae
that were I1L-st/st. The remaining seven
[1S-10-11 heterozygotes may be evidence
for hybridization between the taxa or they
may be ancestral relics, i.e., IIL-3 types in
S. apricarium or 11L-7 and 11S-11 types in
S. arcticum s. s. Only one individual among
1254 larvae analyzed was a 11L-3i/11L-7i type
and this could be explained by hybridization
between a S. arcticum s. s. male and a S.
apricarium female. This male was IIS- 10-11
st/st, and had tight pairing of the homologues,
suggesting that [1S-10-11 may be polymorphic
in this population, as mentioned above.

Approximately 10 percent of S. arcticum
s. s. larvae at Little Prickly Pear Creek were
heterozygotes for the I1L-20 autosomal
inversion during 2005 and 2006, and we
have never seen this inversion among S.
apricarium larvae (Shields, unpub.). We
have also found the I1L-20 inversion in
the nearby drainages of the Boulder River,
Little Blackfoot River and Canyon Creek,
but in frequencies < 1.0 percent (Shields,
unpub.). Therefore, I1L-20 possibly arose at
or near Little Prickly Pear Creek, and some
unknown factor maintains its relatively high
heterozygosity there. Taken as a whole, data
from Little Prickly Pear Creek did not argue
for hybridization between S. arcticum s. s. and
S. apricarium. Little Prickly Pear Creek has the



Table 6. Temporal Distribution of S. arcticum s. s. and S. apricarium and Frequency of II -11
Heterozygotes at Little Prickly Pear Creek, Lewis and Clark County., Montana.

Date S. arcticums. s. % =90.4
3/15/02 1 22
3/16/03 3 7
3/30/06 131 323
3/31/05 109 116
4/1/06 3 10
4/4/02 3 26
4/10/03 30 24
4/18/02 17 29
4/30/02 6 4
5/6/05 53 63
5/6/06 65 76
5/26/05 5 0
Total 432 701

highest density of larvae among our collection
sites with an estimated 50 larvae/cm?.

Rock Creek

Among males at Rock Creek, S. arcticum
[1L-19 (55.4 %) and S. arcticum 11L-9 (37.9
%) predominated (Table 7). Five X Y  males,
ten male S. arcticum s. s., and four male and
four female S. apricarium also occurred in the
sample. Heterozygosities of the autosomal
inversions IL-1(22.0 %) and IS-1 (15.2 %)
were sufficiently high among S. arcticum
IIL-19 and IIL-9, respectively (Table 8). so we
subjected these data to tests of random mating.
IL-1 was in equilibrium among the I1L-9 and
ITL-19 populations as was the IS-1 inversion
(Table 8). Among 534 larvae analyzed from the
14 Mar 2006 collection from Rock Creek, 13
were 1[S-11 heterozygotes (three st/st females,
eight I1L-9 males and two IIL-19 males). o

S. apricarium % =9.6 [1S-11 st/i
3 7 0
1 15 0
4 5 5
8 20 3
1 0 0
2 0 0
4 9 0
2 2 0
0 0 0
5 14 1
0 0 1
8 11 3
38 83 13 n= 1254

larvae had both the I11.-7 inversion, which is
polymorphic in S. apricarium, and any of the
other sex-linked inversions characteristic of the
other taxa of the arcticum complex

(1. e.. I1L-3, IIL-9 and 1L 19) at Rock reek.
Consequently, S. arcticum 11L-9 and I11L-19
form a single cytospecies/cytotype at Rock
Creek in March. Twelve of 534 individuals
analyzed from Rock Creek were I11.-3.4
heterozygotes. Five were st/st females. five
were 1[L-19 males. one was a st/st male and
the twelfth was a [11.-9 male. IL-3.4 is the
sex-linked inversion in S. negativum ( hields
and Procunier 1982, Adler et al. 2004). but it
was apparently an autosomal polymorphism
among members of the S. arcticum complex
at Rock Creek. This may be an example of
the phenomenon of “one sibling's sex-linked
inversion being another sibling’s autosomal
polymorphism™ (Rothfels 1979).

Table 7. Distribution of Sex Chromosomes of the S. arcticum Complex at Rock Creek.

Missoula County, Montana.*

Females

S. apricarium
XX, XX XX XY

777

X X

(U]

Date

3/14/06 243 2 5

X, YJ X, Yo

Males

S. apricarum
XO Y7 X7 Y7

XO Y9 Xoym

10 0 3 106 155

* Seven other larvae of the S. arcticum complex, each having newly discovered inversions in the long arm of
chromosome I, were also observed Since therr frequencies were low, we did not include them In hese analyses.
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Table 8. Genotypic distributions of the IL-1 and IS-1 autosomal polymorphisms among
S. arcticum 11L-9 and S. arcticum 11L-19 at Rock Creek on 14 March 2006 and Chi-square
analysis suggesting random mating of the two cytotypes.

Cytotype Autosomal Polymophism - IL-1
st/st st/i ifi

lL-9 66 35 5 X?=0.004,0d.f.,,090<p<1.0
lIL-19 86 60 10
Cytotype Autosomal Polymorphism- IS-1
st/st st/i i

IL-9 92 14 0 X?=1446,d.f,,050<p<060
lL-19 127 28 0

Of the 13 males heterozygotic for
11S-14, 10 were IIL-9 st/i, two were IIL-st/
st, and one was IIL-19 st/i., suggesting an
additional rare sex chromosome in the 14
March 2006 population at Rock Creek. We
hesitate to speculate on the reproductive
status of other members of the S. arcticum
complex at Rock Creek (S. arcticum s. s.,
S. apricarium and possibly S. brevicercum)
because each occurred in low frequency.
Finally, no data suggested reproductive
isolation for the IIL-9 and IIL-19 cytotypes
at Rock Creek.

Comparisons Among Sites

IIL-9 and IIL-19 and S. negativum.—
Our results from the Blackfoot River and
Rock Creek revealed several trends. S.
arcticum 11L-9 and IIL-19 were present at
both sites in March. S. negativum was present
at the Blackfoot River in mid-summer and
individuals having the IL-3.4 inversion were
present in the 13 March 2006 sample from
Rock Creek although that inversion appeared
autosomal. Despite extensive sampling in
western Montana, we found S. arcticum
1IL-19 only at two other sites (Bitterroot
River on 28 March 2004 and at the
Clearwater River on 28 February 2003 and
14 March 2006, suggesting that I1L-19 has a
very restricted geographic distribution and by
inference, it may be evolutionarily young.

S. arcticum 11L-9 was also present at the
Clearwater River on 14 March 2006, which is
only 7 km from the Blackfoot River. Limited
geographic distribution, early presence in
spring, and sympatric presence at some sites
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for these two cytotypes also suggested a
close relationship. The three sites in question
were close geographically (< 84 km.), and
each flows into the Clark Fork River that
drains northwestern Montana. Sampling of
additional drainages flowing into the Clark
Fork River may prove informative regarding
the relationships of 11L-9 and I1L-19.
Finally, we never observed S. negativum in
early spring that suggested it has adapted

to mid-summer development that may be
temperature dependent.

1IL-10.— S. arcticum 11L-10 was the
only cytotype at Upper Spring Creek year
round. We found males with the 1IL-10
inversion at five widely scattered sites in our
study area but always in very low numbers (»
< 7) on any date. Based on ~ 30 collections
at Upper Spring Creek, we have never found
abundant larvae of 11L-10. We have found it
in small clusters of larvae at the tips of twigs
in the swiftest flowing waters. Whether low
densities of IIL-10 at Upper Spring Creek and
its presence in low numbers elsewhere were
correlated remains unknown.

General Summary.—We monitored four
collection sites for sex-linked and autosomal
inversions among members of the S. arcticum
complex in western Montana to gain insight
into their reproductive status. We found
little evidence for random mating between
S. negativum and S. arcticum 11L-9 at the
Blackfoot River or between S arcticum s. s.
and S. apricarium at Little Prickly Pear
Creek. S. arcticum 11L-10 is the only member
of the S. arcticum complex at Upper Spring



Creek.§ tudy of sites near] ! pper§ pring
(reek-may regult in a better-under tanding of
the reproductive status of this cytotype. The
cytotypes, S. arcticum 111.-9 and [1L-19 appear
to be randomly mating at Rock Creek.

Our observations are an initial step in
understanding relationships in this compley .
Our current rescarch includes 1) study of
environmental factors that might influence
disperal of cytotypes, 2) study of the ey tent
of reproductive isolation among taxa within
the complex and 3) molecular analyses pf
larvae individually identified to cytospecies
and cytotype to test hypotheses about the
ages and relationships of members of the S.
arciicum complex.
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A CASE STUDY OF MUSCULAR STRENGTH,
ENDURANCE AND POWER RESPONSES TO A 6-WEEK
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ABSTRACT

We evaluated the muscular strength, endurance, and power responses of 12 college students,
ranging in age from 19-40 years, who participated in a 6-wk high-intensity training program
commonly used to improve muscular endurance. Muscular strength was measured by a one
repetition maximum (1RM) bench press test and a 1RM Hammer bench press test; muscular
endurance was measured by administering a 70-percent 1RM test to failure on the Hammer bench
press; and upper body power was measured by administering a medicine ball throw test. We
observed a 4.8-percent improvement of 2.7 kg on the bench press, a 14.6-percent improvement
of 10.5 kg on the Hammer bench press, a 45.5-percent improvement with an average increase of
five repetitions on the submaximal test to failure and an average improvement of ~ 20 percent,
60 cm, for the medicine ball throw. For our subjects, a commonly used high-intensity training
muscular endurance program resulted in improved performance on tests measuring muscular
strength, endurance, and power, and resulted in zero reported injuries during training or assess-
ment procedures.

Key words: high intensity training, muscular endurance, strength, power

INTRODUCTION high-intensity muscular endurance weight
There are two philosophies concerning lifting program over a 6-wk period in which

performance-related power enhancement. each set of each exercise was taken to

One is that muscular hypertrophy, endurance, muscular failure, defined as that point when

strength, and power result from different a repetition cannot be completed in good

methods of training (Fleck and Kraemer 1997).  form due to physical exhaustion.

The other philosophy holds that muscular Research Questions

hypertrophy, endurance, strength, and power Did a high-intensity endurance strength

are all interrelated, and improvements in these
areas are based simply on improvements
in strength (Brzycki 1995, Mannie 1999).
Additionally, debate exists over effectiveness
of free weights versus resistance training
machines. Many strength and conditioning
professionals believe free weight training is
superior to using resistance training machines
(Fleck and Kraemer 1997, Shepard 2004).
Finally, some researchers believe that training
to the point of muscular failure will not
enhance strength, power or hypertrophy, but
will cause injury (Stone et al. 1996).

With these thoughts in mind, we
observed the effects of participating in a

training program have any effects on
maximum strength or power as measured
by a one repetition maximum bench press
test on two implements (free weight and
Hammer) and a medicine ball throw test

of upper body power? Was there a transfer
of strength from a machine bench press

to a free weight bench press? Were there
any reported injuries from participating

in a weight lifting program that required
completing each set to muscular failure?
We consider the bench press exercise a
“free weight™ exercise in which participants
support and balance the entire weight of the
barbell throughout the full range of motion.
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The Hammer bench pressi considered a
“machine” exercise in which participants
do not have to balance the re 1 tance. We
explored these questions.

METHODS
Subject

This study was a non-experimental
descriptive study that used a convenience
sample of 13 college students ranging in age
from 19 to 40 years. xperience level of cach
subject ranged from little to no experience
in strength training to having over 28 years
of experience lifting weights as a form of
strength training. We analyzed data from
a 6-wk high-intensity muscular endurance
training program to determine effects on
muscular strength, endurance, and power.
The university approved all procedures, and
each subject signed an informed consent
document. All subjects volunteered for the
project and completed a physical activity
readiness questionnaire.

Procedures

All participants were assessed prior to
the start of the program and again at the end
after a 3-day rest from the final training day
to ensure recovery, and followed procedures
established by the American College of
Sports Medicine (ACSM) (2006). Beginning
with a warm-up and ending with a cool
down, the initial and final assessments
included (1) 1 repetition maximum (1RM)
bench press test (BP) in which each
individual performed a one-repetition
maximum on the bench press; we allowed §
min rest between 1 RM attempts; and weight
was added in 5- tol0-percent increments
until participants could not complete the
repetition, (2) following a 5-min rest from
the BP test, participants completed a one-
repetition maximum Hammer Incline Press
Test (HBP) following the same procedures
for the BP test, (3) following a S-min rest,
participants completed a set to momentary
muscular failure with 70 percent of the
1RM of the Hammer test (SHBP). and
(4) following a S-min rest, participants
completed the medicine ball throw test
(MBT) to test upper body power.

The resistance training program
used was a modified form of Kelso’s
(2000) muscular endurance training
recommendation and included two option .
Option one con sisted of performing two
sets of one exercise, the Hammer Incline
Press, twice/week. The sets and repetitions
varied according to the following schedule: (1)
2 wks of 2 sets of 15-17 repetitions. (2) 2 wks
of 2 sets of 12-15 repetitions, and (3) 2 wks of
2 sets of 10-12 repetitions. I the
subjects chose option two they performed the
following exercises: (1) Abdommal  Curls, (2)
Bicep Curls, (3) Hammer Deadlift (optional),
(4) yper-extensions, (5) Tricep Ixtension,
(6) Leg Extension, (7) [ eg “url, (8) I at Pull
Down, and (9) Wrist  Curls (optional) .

‘Two subjects chose to participate in
option one and the rest of the subjects chose
to participate in option two. Option two
required one set of each exercise during
two sessions/week and followed the same
repetition scheme for option one. i.e.. a
target repetition range of 15-17 for the first
2 wks. The target repetition range for weeks
3 and 4 was 12-15. and for weeks 5 and 6
the range was 10-12. Each subject was given
personal instruction in the performance
of each exercise and. during this time. the
subject was directed to take each set to
muscular failure. i.c.. the point at which
they could no longer complete a repetition
without deviating from the posture required
of the exercise. The teaching points that
were emphasized for safety included (ACSM
2006) (1) slow movements, (2) full range of
motion. (3) breathing, (4) posture. (5) proper
warm-up. and (6) proper cool-down.

Each week subjects handed in
performance sheets that included the number
of repetitions and amount of weight used for
each exercise performed. Subjects were also
questioned about the development of any
injuries. This ensured that communication
about the program was maintained
throughout the 6-week period in case there
were any questions. comments or concems.

All necessary measures were put into
effect to ensure the safety of each participant.
A health screen evaluation. the physical
activity readiness questionnaire (PAR-Q). was
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used for each subject to ensure that he/she had
no adverse health risks that would affect the
participant during activity. Also, to ensure the
privacy of these participants, we assigned a
random number to each subject to maintain
confidentiality and used an informed consent
form that stated the participant’s willingness to
allow us to use their results in this case study.

REsuLTS

Because we did not meet the assumption
of the central limit theorem with only 13
subjects, we chose to describe results in
a case study format. Out of 13 original
participants, 12 completed requirements
of the 6-wk study. Results of the IRM
bench press (BP) suggested a 4.8-percent
improvement of 2.7 kg (Table 1), and the

Table 1. Performance Results.

Hammer bench press test (HBP) showed
14.6-percent improvement of 10.5 kg. The
submaximal test to failure (SHBP) resulted in
a 45.5-percent improvement with an average
increase of five repetitions. Eleven of 12
subjects improved on the SHBP, whereas
subject eight finished with a decrement of
two repetitions. Nine subjects improved
performance on the MBT test; average
increase for the 12 subjects was 60 cm for

~ 20 percent improvement. There were

no injuries reported during the training or
assessment procedures.

DiscussioN

The principle of overload states that
for a system to improve its function, it must
be exposed to a stimulus greater than it is

Subject BP BP HBP HBP SHBP SHBP MBT
pre* post* pre* post* pre* post* pre+
29.5 31.8 31.8 40.9 1 20 3 3.4
2 38.6 40.9 545 59.1 10 1 2.9 2.9
3 100 104.5 131.8 136.4 9 1 4.8 5.1
4 47.7 50 591 70.5 13 16 2.9 2.9
5 72.7 75 95.5 104.5 14 16 3.7 49
6 75 77.3 81.8 95.5 12 20 39 4.6
7 25 25 18.2 27.3 15 23 2 2.2
8 70.5 65.9 86.4 86.4 12 10 3 2.9
9 38.6 43.2 40.9 545 14 21 2.7 341
10 75 79.5 104.5 113.6 7 9 3.7 4
11 102.3 113.6 122.7 154.5 6 14 3.1 4
12 29.5 29.5 29.5 36.4 12 16 2.2 2.6
Mean 58.6 614 71.4 81.9 11 16 3.1 3.7
% 4.8 14.6 45.5 20
change

* units in Kilograms (kg).
+ units in meters (m).
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normally accustomed to. Some strength coaches
prescribe strength and power programs with a
range of three to five sets for multi-joint
exercises, and prescribe two to six repetitions,
while other strength coaches adhere to a single
set training protocol with higher repetitions,
usually anywhere from 6-20 repetitions. Though
they are employing dilTerent acute program
variables, each is attempting to progressively
overload the musculoskeletal system to improve
muscular strength, endurance, and power. There
has been much debate over the effectiveness

of these various strength and conditioning
programs.

This particular protocol, commonly thought
ofas a muscular endurance training program,
effectively improved one repetition maximum
bench press strength on two different
implements for all but two of the subjects;
subjects eight and telve. Subject eight actually
decreased perfomrnnce on
the BP, SHBP and the MBT. Though we
instructed all subjects to maintain normal
activity, it was not until after the 6-week study
that the subject told us that she began a rigorous
cardiovascular endurance-training program that
involved running over 6 mi/day, 6 days/week
during the study. This may have been a factor in
her perfonnance decrement.

There were limitations in our study design.
One limitation was the small non-representative
sample with no control group, and the other is
the age range of 19-40 years, which is quite large.
Another limitation
was a range oflittle to no previous training
experience to an advanced level of previous
training. This may possibly have had some effect
on the physiological response to this training
program and/or their performance on the tests.
Also, the 6-wk duration ofthe study is a relatively
short period oftime.

Any conditioning in unfit individuals will
usually produce changes in physiological
variables up to a certain level of performance
competency. Some strength and conditioning
specialists believe that beyond moderate
performance competency, usually only more
specialized conditioning including higher volume
training and power training, will produce further
performance improvements.

This was not the case in our study. Subjects
three and eleven had the most previous training
experience ofall the subjects. Based on common
perceptions described above, this kind oflow
volume program would ha\e less ofan effect on
subjects with more previous experience. These
two subjects, however improved performance on
all measurements. Likewise, subjects one, two,
four and seven had the least amount of previous
training: yet their performance improvements
were relatively modest.

Another limitation ofthis stud) was the fact
that we were unable lo supervise every training
session the subjects participated in. Often,
motivation in the form of personal superision
can have an influence on how far individuals will
push themselves. When a "coach” is present and
expects improvement from one training session
to the next, subjects may push themselves further
than they would during a training session with
no supervision. Though training sheets were
turned in on a weekly basis and verbal
encouragement was given to ensure each subject
was training to a point of complete muscular
failure. some people were more or less able to
withstand the discomfort that accompanies this
type of training.

Subject number six was almost eliminated
prior lo the beginning ofthe study because ofa
pre-existing non-specific shoulder condition that
was identified during the pre-participation
screening. Because the subject was enthusiastic
about participating in the project we allowed him
to continue and monitored him closely.

His performance during the six weeks showed
steady improvement, and the post program
assessment \\as impressive with improvements in
each test. Though we did not conduct post study
interiews, subject number six emailed us with
subjective perceptions ofhis experience and we
felt it was appropriate to include this qualitative
aspect within this manuscript. "Before the
strength program,” he wrote, "I worked for the
beer distributor and stocked shelves. I could not
lift a single 6 pack above my head without pain
(7-8 on a scale of 1-10). It also hurt to do the
bench press. bad enough that
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[ hit my max on the first try. The Hammer
press didn’t hurt though. After the [final]
strength tests, I have had ZERO pain in my
shoulder. Not even when I lay on my side
on it in bed. Also, doing the bench press for
the second time, we started with my old max
and I pushed it up, and moved on to the next
weight, with very little pain. 1 have had no
pain since the strength training and am loving
it. Thanks!”

This subject’s statement, combined with
the fact that there were zero injuries reported,
indicated that training to muscular failure
may not cause injury, as some strength and
conditioning specialists suggest.

We expected muscular endurance to
improve, but the researchers were unaware
of the effects this training program would
have on strength and power, or whether
there would be transfer of strength from
one implement to another. Strength and
conditioning coaches should be aware that
higher repetition ranges may be effective in
improving strength and power.

Additionally, higher repetitions require
lower weights and reduce orthopedic stress
and risk of injury; this may be an important
consideration to coaches who want their
athletes to remain healthy and injury free.
For future research we recommend use of
matched control groups using various higher
volume programs, and using participants who
are all experienced weight lifters.

Received 25 Ay,
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