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Five species of stoneflies (Zapada haysi, Plumiperla
diversa, Taenionema pacificum, Isoperla petersoni,
Arcynopteryx compacta) from the North Slope and Interior of
Alaska were examined for seasonal patterns of emergence of
adults and growth of nymphs.

Generally growth was retarded

during the winter in this region, and all species except _I.
petersoni completed growth prior to January.

The life

cycles of six stonefly species (Prostoia besametsa, Triznaka
signata, Sweltsa coloradensis. Isoperla fulva, Skwala
parallela, Claassenia sabulosa) are described from northern
New Mexico.

In this region growth was generally less

retarded during the winter than in Alaska; P. besametsa
completed all nymphal growth during late fall and winter.
Drumming behavior of a Colorado population of Pteronarcella
badia was described using an evolutionary framework to
explain the maintenance of signal variation in this species.
Laboratory experiments were used to explore the effect of
intraspecific and interspecific interactions on spatial
partitioning in P. badia and Claassenia sabulosa.

badia

exhibited clumping and distributed itself as the surface

area of substrate in low densities; however, in the presence
of C. sabulosa its distribution was random and different
from available surface area.

A field study was used to

examine spatial partitioning by three New Mexico stonefly
species (I_. fulva, P. besametsa, T. signata) and to
ascertain patterns of microdistribution relating to several
abiotic and biotic factors.

Generally, there was an

interaction of the measured abiotic parameters (current,
water temperature, time) with nymphal size.

Additionally,

void space and sample volume were successfully used to
compare biotic densities among leaf and mineral substrates,
which were higher in leaf packs than in mineral substrates.
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CHAPTER 1
GENERAL INTRODUCTION
Plecoptera constitute one of the three dominant
exopterygote insect orders inhabiting temperate and arctic
streams and they play vital roles in the production and
energy economy of these ecosystems (Stewart & Stark 1988).
Despite their importance, the seasonal life cycles and
nymphal biology are known for few of the over 580 Nearctic
species.

This meager knowledge is largely based on research

in the northern contiguous United States and southern
portions of adjacent Canadian provinces.

Consequently, our

understanding of the potential thermal-adaptive temporal
variations in North American Plecoptera life cycles and
nymphal development is limited.
The several chapters that comprise this dissertation
concern aspects of the behavior, life histories and ecology
of western nearctic Plecoptera species that have remained
largely unknown.

Elements of growth, behavior and

microdistribution are interactive manifestations of
adaptations of the species studied.
The paucity of life cycle studies at or near the
southern and northern geographic extremes of Nearctic

Plecopteran populations has limited the development of
concepts relating life history attributes to the evolution
of this major insect order.

This limits our understanding

of the scope of variation of life cycle attributes at any
given taxonomic level within the Plecoptera and ultimately
among all lotic macrofauna.

A portion of this study

concerned the nymphal growth and emergence of six stonefly
species in New Mexico and five species in Alaska.

An

evolutionary and biogeographic approach is used to relate
the growth and emergence of each species to other
conspecific and congeneric populations within their
subfamily or family.
In many stonefly species the adults produce vibration
patterns by striking or rubbing the substrate with the
distal ventral portion of their abdomens (Rupprecht 1967,
Zeigler & Stewart 1977, Stewart et al. 1982).

The number

and spacing of these pulses provide information for species
identification, sex recognition, and mate location (Stewart
& Zeigler 1984a).

Maketon and Stewart (1987) and other

authors (Zwick 1973, Stewart & Zeigler 1984a,b, Zeigler &
Stewart 1986) proposed that drumming offers a potentially
important behavioral line of evidence for solving systematic
questions.

Zeigler and Stewart (1986) indicated the best

application of such evidence to species delineation would
require determination of intraspecific variation.
Therefore, intraspecific variation of drumming using a

computer model of synthesized male calls to determine the
basic nature and variation of the call-response sequence in
a species with a simple male call-female answer pattern was
a logical approach.

This experimental approach led to a

hypothesis of variation maintenance in thermal and
evolutionary terms.
The distribution patterns of a stonefly shredder as
related to surface area of substrate, intraspecific and
interspecific interactions was examined.

Since

environmental variables are often unevenly distributed in
streams, clumped distributions of benthic organisms are
common (e.g., Elliott 1977).

There are also numerous

examples of behavior influencing the pattern of species
distributions.

Changes in the distribution of a species

represent an important category of response to biotic and
abiotic factors; hence variations in response to changes in
intraspecific and interspecific interactions were examined
in a series of laboratory experiments using a simple abiotic
system.

Observed patterns are related to field observations

and the general ecology of the species.
Using an experimental field study, the general ecology
and distribution of three dominant stonefly species through
their growth phase among three basic microhabitats in a New
Mexico stream was determined.

Relationships of these

species to substrate type, sample volume, interstitial
volume (void space), current and the interaction of

individual size with these abiotic factors were examined.
Prior studies of lotic systems have not incorporated a
completely realistic approach to sampling the available
microhabitats.

Often only one type of habitat was sampled,

leaf pack and the underlying mineral substrate were combined
into a single sample, or life histories were not determined
and taken into account.

An additional study addresses this

apparent reluctance to broach the question of habitat
partitioning among an array of colonizable microhabitats;
perhaps this reluctance is in part due to the inherent
problem of discrete and equitable sampling or census in
mineral versus vegetable habitats.
Since mineral substrate is perceived as a
3-dimensional habitat by many aquatic insects (Hynes 1974,
Poole & Stewart 1976) and organisms within a composite-type
substrate can only occupy the void space sample and void
volume are appropriate units for estimating faunal densities
in mineral substrate and leaf pack.

Total interstitial

volume (void space) as an intuitively attractive parameter
for examining benthos abundance among substrates is
explored.

Again, the primary purpose of this study was to

provide important first and basic answers to questions of
habitat partitioning and dispersal among the dominant
stoneflies in a low-order, canopied, southern Rocky Mountain
stream.

CHAPTER 2
GROWTH AND VOLTINISM OF SIX STONEFLY
SPECIES IN A NEW MEXICO
MOUNTAIN STREAM
The life cycles and ecology of many North American
Plecoptera genera are poorly known and few definitive
studies have been made of southwestern populations (Vaught &
Stewart 1974, Oberndorfer & Stewart 1977, Snellen & Stewart
1977a,b; reviewed by Stewart St Stark 1988).

My interest in

six relatively abundant species in a New Mexico stream
stemmed from this general paucity of knowledge and
particularly from the fact that three species: Triznaka
signata (Banks), Sweltsa coloradensis (Banks) and Isoperla
fulva Claassen, are ubiquitous western species yet have not
been previously studied.

The life cycles of the three other

species: Prostoia besametsa (Ricker), Claassenia sabulosa
(Banks) and Skwala parallela (Frison), have been reported
from other Rocky Mountain locations (Radford & Hartland-Rowe
1971, Fuller & Stewart 1977, 1979, Barton 1980, Allan 1982,
Short & Ward 1980).

My objective in this study was to

determine the chronology of nymphal growth and adult
emergence of these six stonefly species.

Materials and Methods
This study was conducted on the Rio Vallecitos, a
second order stream (Rio Grande drainage), located on a
south-facing slope of the San Juan mountain range in
north-central New Mexico.

This site was selected because of

its relatively pristine waters, isolation, reasonable size
and location at or near the southern distributional range of
ubiquitous western stonefly species.
Monthly collections were made on national forest land 5
km north of Canyon Plaza (elevation = 2,440 m) in Rio Arriba
county from May 1985 through August 1986; bimonthly
collections were made in the winter (November-February).
When snow and adverse road conditions prevented sampling of
the site in February, access to a section of stream 1 km
north of Canyon Plaza was obtained.

An effort was made to

sample the principal microhabitats available to the benthos;
therefore, mineral substrates were sampled using a modified
Hess sampler with a 151 jam mesh net; natural and entrained
leaf packs were sampled with a two-stage (1 mm & 151 pm
mesh) kick net.

Retained leaf packs were ensured by
o

installing fifty 315 cm

"hocky goal-like" entraining

screens of 2.54 mm mesh opening between steel stakes in a
riffle.

Samples were kept in alcohol until nymphs were

counted and their head capsule widths (HCW; widest area
immediately behind the eyes) were measured to the nearest

0.03 mm with a calibrated ocular micrometer.

Some late

ins tar nymphs were reared in a laboratory stream to
suppliment determination of emergence times. These were
transported to the laboratory in stryofoam containers,
placed in the artificial stream and maintained at
temperature and light regimes similar to conditions at the
study site.

Adults were collected using sweep nets and

streamside search.
Results and Discussion
Prostoia besametsa, Triznaka signata and Isoperla fulva
were present in sufficient numbers to permit a clear
definition of their growth and emergence phenology.
Although other stonefly species were relatively rare, three
of the less abundant species: Sweltsa coloradensis,
Glaassenia sabulosa, and Skwala parallela had densities
adequate to suggest voltinism.
Prostoia besametsa (Nemouridae: Nemourinae).- Small
nymphs (0.2 - 0.4 mm HCW, Fig. 1) first appeared in the
December samples.

However, the number of nymphs already 0.3

and 0.4 mm HCW indicated that recruitment began in November.
Growth appeared to be steady through the winter with nymphs
especially abundant in winter leaf packs.

The smaller size

classes were no longer present in February, while 0.6 to 0.9
mm HCW nymphs were abundant.

There was no substantial
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change in head capsule width from February to March.

Few

nymphs were collected once adults were present at streamside
during April-May.

Nymphs were absent in samples from June

through October, indicating a probable egg diapause similar
to that of Perlesta placida (Hagen) in Texas streams
(Snellen & Stewart 1979b).

Therefore,

besametsa has a

univoltine fast life cycle in this stream, with most growth
occurring during the winter and with an early spring
emergence of adults.

Similarly, Radford and Hartland-Rowe

(1971) reported an Alberta population of this species as
univoltine fast, although nymphs did not appear in their
samples until January and emergence was later (mid-April to
July).

Krueger and Cook (1981) reported a univoltine fast

life cycle for Prostoia similis (Hagen) in Minnesota.

Early

instar nymphs first appeared in their bottom samples in late
October, yet substantial recruitment was delayed until
December.

_P. similis maintained constant growth through the

winter, until nymphs were absent from samples in May.
Likewise, Prostoia completa (Walker) is univoltine fast with
eggs diapausing through the summer and early fall in
southern (Ernst & Stewart 1985) and northern populations
(Harper 1973a).

Currently, Prostoia hallasi Kondratieff &

Kirchner is the only unstudied congener and all other North
American species display the pattern of univoltine fast life
cycles throughout their ranges.
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Many related genera in the subfamily Nemourinae also
displayed univoltine life cycles.

Ostrocerca albidipennis

(Walker) is univoltine fast (Mackay 1969) and Podmosta
obscura (Frison) and P. delicatula (Claassen) are
univoltine, possibly fast (Lehmkuhl 1971, Dosdall and
Lehmkuhl 1979, respectively).

Harper (1973a) found that

Shipsa rotunda (Claassen) populations in Ontario broke
diapause in November and grew steadily through winter and
spring.

However, Barton (1980) recorded diapause

termination in August in an Alberta population and nymphs
grew slower in winter than in fall and spring.

Soyedina

interrupta (Claassen) and S_. producta (Claassen) appear to
have univoltine fast life cycles in Oregon (Kerst and
Anderson 1975).

In contrast, Soyedina vallicularia (Wu) is

univoltine slow in southeastern Canada (Harper 1973, Mackay
1969).

Nemoura trispinosa Claassen, a European population,

and N. avicularis Morton are also univoltine slow (Brittain
1973, Harper 1973a, respectively).

Mutch and Pritchard

(1984) indicated that several species of Nemourinae were
semivoltine in Alberta subalpine streams, i.e., Visoka
cataractae (Neave) , Zapada columbiana (Claassen), Z_. haysi
(Ricker), Z,

cinctipes (Banks).

(1976) found that Z,

Yet Gather and Gaufin

columbiana and Z_. haysi had univoltine

life cycles in Utah and Z.

cinctipes may have a univoltine

life cycle over southern parts of its range (Clifford 1969,
Kerst and Anderson 1975, Gather and Gaufin 1976, Short and
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Ward 1981).

Clearly, the types of life cycles represented

in the Nemourinae show great variation even within species.
This subfamily should yield valuable information on the
evolution of patterns of life history characteristics among
aquatic insects.
Triznaka signata and Sweltsa coloradensis.- These were
the only two chloroperlids present in the stream during the
study.

Difficulties in separating their hatchlings and

early instars forced special treatment for newly recruited
Chloroperlidae nymphs.

Since T. signata was the more

abundant of the two species, all Chloroperlids not
distinctly identifible as _S. coloradensis are included in
Figure 2 as T. signata.
Z* signata nymphs were present throughout the year in
the Rio Vallecitos, although they were less numerous in May
I
as emergence of adults commenced.

Adults were abundant and

easily collected in tall grass and low brush near the stream
in May and June, while only one was collected in August
(none in July).

Early instar nymphs appeared in the July

through September collections suggesting a prolonged egg
hatch; growth was steady through the fall and winter until
the following March.

Thus, T. signata has a univoltine slow

life cycle in the Rio Vallecitos with late spring emergence.
Nymphs of this species were found in both leaf pack and
mineral substrates.

In fall they were more common in leaf

12
packs, they abandoned them for mineral substrates in winter
and returned to leaf packs in the spring.
In contrast Sweltsa coloradensis appears to have a
semivoltine life cycle with early instar nymphs
indistinguishable from T. signata nymphs and relatively less
abundant in the study stream.

Small

nymphs identifiable as

coloradensis do not appear until October and at this time
had a 0.5 mm HCW (Fig. 3).

Nymphs completing the first

year's growth are less than 1.0 mm in HCW.

Emergence of

this species in the northern New Mexico mountains occurs in
June (Stark et al. 1975) at which time the previous year's
cohort has reached a head capsule width averaging 0.7 ram.
Sweltsa mediana (Banks) and S_. onkos (Ricker) also have
semivoltine (2-year) life cycles (Cushman et al. 1977,
Harper 1973b, respectively) each with some degree of egg
diapause and slow development of early instar nymphs through
the first winter.

_S. mediana emerges in April and May in

Tennessee, while J5. onkos emerges in May in Ontario.

Nymphs

of many Chloroperlid species appear in stream samples only
just prior to emergence, suggesting a largely hyporrheal
existance; however this did not appear to be the case with
these two species.
Related genera in the subfamily Chloroperlinae have
been little studied.

Haploperla brevis (Banks) has a wide

distribution and correspondingly wide variation in its life
cycle across its geographical range (i.e., length and
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presence of egg diapause; Ernst & Stewart 1985, Harper &
Magnin 1969, Barton 1980).

Despite the sparce number of

described Chloroperlid life cycles, there is apparently
great variation in growth rates and seasonality of growth in
the Chloroperlinae.

Since conspecific populations in this

group may be somewhat unique in their life cycle attributes,
additional studies of related species and conspecific
populations are needed.
Claassenia sabulosa (Perlidae: Perlinae: Perlini).- Few
specimens of this species were collected in the Rio
Vallecitos (Fig. 4).

Nevertheless, the wide range of size

classes present throughout the year indicates a semivoltine
life cycle in this southern extreme of its range.

This

confirms the earlier suggestion of a 2 to 3 year life cycle
f° r

sabulosa in southern Colorado (Fuller tk Stewart 1977,

Allan 1982).

Moreover, comparison of the size distribution

data in this study with a northern Alberta population
(Barton 1980) indicates there may be little variation in
this species life cycle throughout its range.

Only one

adult was collected (July) at the study site. Comparably,
Baumann et al. (1977) indicated that Rocky Mountain
populations emerge June-September and Barton (1980)
indicated a June-Jtily emergence.
All other species in the tribe Perlini with described
life cycles, i.e., Agnetina capitata (Pictet), _A. flavescens
Frison, and Paragnetina media (Walker), have semivoltine

15
life cycles (Harper 1973b, Ernst & Stewart 1986).

In the

sister tribe Neoperlini, Vaught and Stewart (1974) described
a Texas population of Neoperla clymene (Newman) as
univoltine slow with nymphs hatching after 25 days
incubation.
Isoperla fulva (Perlodidae: Isoperlinae).- This species
exhibited a univoltine slow cycle with early instar nymphs
recruited at the same time yet in higher densities than
early instar T. signata nymphs (July-September, Fig. 5).
Nymphal recruitment was completed by October and growth was
steady through May, although especially rapid in the spring.
Nymph density was much higher in leaf packs than in mineral
substrates throughout development.

As previously indicated

by Harper (1 973b) for Isoperla species in general, _I. fulva
nymphs are distributed over a wide range of sizes through
the winter and early spring.
streamside in June.

Adults were present at

These findings are in harmony with

Stewart and Stark's (1988) listing of eleven species of
Isoperla with a clear pattern of univoltinism; nine with
slow cycles and two with fast cycles.
Clioperla clio (Newman) represents the only other
Isoperlinae genus with a described life cycle.

It has a

univoltine fast cycle in intermittent streams throughout its
range (Harper 1973b, Minshall & Minshall 1966, Feminella &
Stewart 1986).

In summary, all Nearctic Isoperlinae with

described life cycles are univoltine.
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Skwala parallela (Perlodidae: Perlodinae:
Arcynopterygini).-

This species was present in sufficient

numbers to confirm the general univoltine growth pattern
(Fig. 6) previously defined by Short and Ward (1980) in
northern Colorado.

Since adults were present in April and

nymphs are not present prior to spring flooding, early nymph
stages may have been present in habitats that were not
sampled during May and June flooding, possibly in deeper
turbulent water.

As with JS. parallela in Colorado and New

Mexico, Sheldon (1972) found in California that S^. curvata
(Hanson) had a univoltine slow life cycle with recruitment
in June and rapid growth of nymphs through the summer.
Within the tribe Arcynopterygini some type of
univoltine pattern is evident in all species with described
life cycles.

Lillehammer (1985) found most growth of

Arcynopteryx compacta (McLachlan) to occur from June to
September in Norway.

Brinck (1949) described growth as

summer-autumn and emergence peaking in mid-summer in
northern Sweden.

Frisonia picticeps (Hanson) also appeared

to be univoltine with continuous growth from August to
emergence in May-June (Sheldon 1972).

Megarcys signata

(Hagen) had a univoltine life cycle with slowest growth
during the winter and April-July emergence (Cather & Gaufin
1975, Allan 1982).

Radford and Hartland-Rowe (1971a) found

nymphs of Perlinodes aurea (Smith) with an average body
length of 7 mm in October and steady growth until March to
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18 mm in southwestern Alberta.

Except for European

populations of Diura bicaudata (L.) and an Isoperla species,
all species with known life cycles in the two tribes of
Perlodinae (Diploperlini, Perlodini) are univoltine and are
reviewed by Stewart and Stark (1988).

Although there is

seasonal variation in growth rates among the species with
described life cycles, examination of the Isoperlinae and
Perlodinae demonstrates an overwhelming pattern of
univoltinism in the Perlodidae.

CHAPTER 3
LIFE: CYCLES OF FIVE STONEFLY SPECIES IN
SUBARCTIC AND ARCTIC ALASKA STREAMS

Plecoptera constitute one of the three dominant
exopterygote insect orders inhabiting temperate and arctic
streams and they play vital roles in the production and
energy economy of these ecosystems (Stewart & Stark 1988).
Despite their importance, the seasonal life cycles and
nymphal biology are well known for few of the over 580
Nearctic species.

This meager knowledge is largely based on

research in the contiguous United States and southern
portions of adjacent Canadian provinces.

Consequently, our

understanding of the potential cold-adaptive temporal
variations in North American Plecoptera life cycles and
nymphal development is limited.
Although 61 Plecoptera species have been reported from
Alaska (Stark et al. 1986), their life cycles have gone
unstudied except for reports on Palaearctic populations of
the Holarctic species Arcynopteryx compacta (McLachlan)
(Brinck 1949, Lillehammer 1985), and Diura bicaudata
(Linnaeus) (Brinck 1949, Schwarz 1970, Lillehammer 1978).
Accordingly, my objective was to determine the life cycles,
phenology of nymphal growth and probable voltinism of
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five common species occurring on the North Slope and in the
Interior of Alaska: Zapada haysi (Ricker) (Nemouridae);
Plumiperla diversa (Frison) (Chloroperlidae); Taenionema
pacificum (Banks) (Taeniopterygidae); Arcynopteryx compacta
(McLachlan) and Isoperla petersoni Needham & Christenson
(both Perlodidae).

There have been no previous reports on

the life cycles of I. petersoni or P. diversa and only
single Rocky Mountain populations of T. pacificum and Z.
haysi have been studied (Perry et al. 1987, Gather & Gaufin
1976, respectively).
Materials and Methods
This analysis is based on measurements from a composite
of stonefly collections made in Alaska by several
individuals over the last 100 years (1883-1986) supplimented
with
1986.

collections of mature nymphs and adults from 1980 to
The largest collections representing reasonably good

seasonal sampling during the ice-free months and sufficient
nymphs for a meaningful estimate of size variation were:
"Environmental Protection Agency Collection," of streams
traversing the trans-Alaska Oil Pipeline Corridor in the
Yukon River drainage near Fairbanks, and "Arctic Gas
Pipeline Study Collection," from the eastern North Slope,
primarily tributaries and mainstreams of the Canning and
Sagavanirtok Rivers, in 1971 to 1972.

The Gas Pipeline

Collection is part of the Smithsonian Institution Plecoptera
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Collection, while the EPA Collection has been housed at the
University of Alaska, Fairbanks.

Much of the latter will be

donated to the Smithsonian Collection.

Other more

fragmentary regional collections of nymphs and adults were
used to fill temporal and numerical gaps in the primary
collections.

Potential problems incurred by interpreting

life cycles from such disparate samples (e.g., different
years, streams, collecting methods) include under
represention or absence of earlier instars, thereby
hampering determination of recruitment and potential
seasonal variation in intensity and microhabitats sampled.
Although biotopic and year-to-year nymphal growth variation
undoubtedly exist, it is probably minimized in this region
by the extreme, but seasonably predictable, thermal regimes.
For example Yukon tributaries and North Slope streams
experience winters with 0°C water temperatures and ice cover
for about six months; during this time up to 75% of the
channel of larger streams and even more of small streams may
be frozen solid.

In summer these streams have maximum water

temperatures near 13-15°C, accumulate only 800-900 degree
days, and have a rather shallow layer of underlying
substrate above the permafrost.

Therefore, it is unlikely

that minor year-to-year variations in the climate of
Interior and North Slope Alaska substantially alter growth
progression of stonefly species as here interpreted from
historic data sets.
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The core of data for P. diversa came from Canning
Spring 10 of the Canning River watershed (69°05145"N,
145°59130"W).

This watershed headwaters in the Brooks Range

and flows northward into the Beaufort Sea (Arctic Ocean).
The one-kilometer-long spring is frozen from November
O

through mid-May and has a normal flow of less than 2 m /s.
During summer, the spring is occasionally impinged by
overflow from the main channel of the Marsh Fork of the
Canning River.
August.

The annual temperature maximum is 11°C in

Suspended solids are usually less than 0.5 rng/1 and

June pH is 8.5 (Craig & McCart 1975).
The core of data for the other four species came from
Yukon tributaries near Fairbanks, particularly the Chena
River.

The Chena (64°47'45"N, 147054'54"W) flows

southwestward for 160 km from the hills east of Fairbanks to
join the Tanana River just southwest of Fairbanks.
3
flow of the Chena is 64 m /s.

Average

Water temperatures are near

0°C from October through April and vary from 10 to 17°C
during summer.

Suspended solids are maximal in May at about

200 ppm, and virtually undetectable from January to March
(Frey et al. 1970).
Over 2000 nymphs were measured for growth pattern
determinations.

Access to the state-of-art treatment of

stonefly nymphs by Stewart and Stark (1988) used in
combination with Szczytko and Stewart (1979) and Baumann et
al. (1977) allowed credible species-level separation of the
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nymphs in these collections for the first time.

The

increased possibility for error in identification of early
instars was handled by using as a core of data collections
from streams where each species was the only congener and
the numerically dominant representative of its family.

We

attempted to measure a minimum of 50 nymphs/month for each
species, when available; more nymphs were measured as
subsamples of larger collections.

Head capsule widths (HCW)

were measured with a calibrated ocular micrometer in a Nikon
binocular dissecting microscope and were recorded at 0.05 mm
increments.

All available literature and collection records

of adults were used to determine the emergence period.
Results and Discussion
Zapada haysi (Nemouridae). - Z. haysi adults were
present at varying elevations in Alaska from May through
July (Fig. 7).

Sufficient nymphs were present in samples

from June through October to indicate the probable growth
pattern and voltinism.
(0.3-0.4 mm HCW)

The presence of a few small nymphs

beginning in June and July and the

distinct October recruitment suggested a relatively
short-term direct hatching of eggs.

The wide variation in

size within each month from August to October (after
May-July emergence) and high recruitment into the 0.4-0.5 mm
HCW sizes in October (Fig. 1) indicated that at least two
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cohorts were present through the winter.

Therefore, this

species appears to be seraivoltine requiring two to three
years to complete a generation.

This pattern is similar to

that reported for the congener Z_. columbiana (Claassen) from
an Alberta subalpine stream (Mxitch & Pritchard 1 982, 1 984).
They also suggested that Z. hay si and Z. cinctipes (Banks)
are semivoltine in Alberta.

Mutch and Pritchard's (1982,

1984) size distribution of Z-. columbiana nymphs in late
summer and fall indicated seasonal variation similar to that
of Z. haysi nymphs in Alaska.
Cather and Gaufin (1976) reported univoltine cycles
for Z. haysi, Z_. cinctipes and Z_. columbiana in the Wasatch
Mountains of Utah.

Kerst and Anderson (1975) reported

univoltine cycles for Z_. cinctipes in Oregon.

Both of these

studies described prolonged presence of _Z. cinctipes adults
at streamside (January-June in Utah, December-May in
Oregon).

Clifford (1969), reporting on a population of Z.

cincitipes in a central Alberta river with six months of 0°C
temperatures, found adults under the ice in air pockets in
April prior to ice breakup and emergence restricted to
April-May.

In all three studies of Z. cinctipes dramatic

nymphal growth was observed from fall until emergence.
Since Mutch and Pritchard (1 982) suggested that Z_. haysi and
Z. cintipes are semivoltine in Alberta, and we might expect
diapause and early nymphal growth to be similar in these two
species to that described for Z. columbiana, it is possible
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that early stxidies of _Z. haysi and Z. cinctipes missed the
initial life stages, e.g., see Clifford's (1969) and

Mutch

and Pritchard's (1982) description of this problem.
Currently among the Nemourinae of North America Visoka
cataractae (Neave) is the only other known semivoltine
species (Mutch & Pritchard 1982).

It is important to note

when interpreting the ecology and production of a truly
semivoltine species that each of the cohorts are temporally
simultaneous, yet may represent somewhat isolated genetic
pools.

The resulting temporal isolation of the reproductive

stages increases opportunity for ontogenetic shifts just as
the simultaneous presence of relatively distinct life stages
may pressure such shifts in the ecology of the species.
Other species in related Nemourinae genera are typically
univoltine.

Nemoura trispinosa Claassen and Nemoura

avicularis Morton have univoltine slow life cycles (Harper
1973a, Brittain 1973, respectively), while Ostrocerca
albidipennis Harper & Hynes is univoltine fast (Mackay
1969).

Podmosta obscura (Frison) and Podmosta delicatula

(Claassen) are univoltine and the former probably has a fast
cycle (Lehmkuhl 1971, Dosdall & Lehmkuhl 1979,
respectively).

Prostoia besameta (Baumann) in the west

(Radford & Hartland-Rowe 1971a) and

Prostoia completa

Ricker in the east are univoltine fast; P. completa has a
confirmed egg diapause (Harper 1973a, Ernst & Stewart 1985).
Harper (1973a) found Shipsa rotunda (Claassen) to break
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diapause in November and grow steadily through winter and
spring in Ontario, whereas Barton (1980) reported this
species to break diapause in Augxist in Alberta and grow
slower in winter than in fall and spring.

Soyedina

vallicularis (Wu) is univoltine slow in southeastern Canada
(Mackay 1969, Harper 1973a), while Soyedina interrupta
(Claassen) and Soyedina producta (Claassen) exhibit
univoltine fast life cycles in Oregon (Kerst & Anderson
1975).
Clearly, there is no consistent evolutionary pattern of
taxa-related voltinism or growth among or within Nemourinae
genera.

The only comparably detailed studies of northern

and southern populations of a species have been for Prostoia
completa by Harper (1973a), and Ernst and Stewart (1985),
where growth is slower and diapause is shorter in Ontario
than in Oklahoma populations.

Circumstantial evidence in

the various other studies suggests that northern populations
of ubiquitous species often have generally slower
development, while southern populations generally develop
faster (sometimes coupled with egg diapause to enable
survival during dry and/or warm summer conditions).

Further

study of this subfamily should yield valuable information on
the adaptive patterns of life cycles in poikilotherms.
Plumiperla diversa (Chloroperlidae). - Most of the P.
diversa nymphs came from samples collected during the five
ice-free months at Canning Spring-10 (Fig. 8).

In July new
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recuits ranged from 0.25 to 0.6 mm HCW while in August they
varied from 0.3 to 1.0 mm HCW.

Consequently, we might

assume recruitment typically begins as early as June and
continues through much of the Arctic's warmer months.
Increase in head capsule width of P. diversa nymphs was
rapid through the ice-free period.

Although some of the

nymphs collected in September were relatively small (0.5 mm
HCW), the average size was 0.85 mm HCW.

This was similar to

the May average of 1.0 mm HCW indicating little growth
during the colder months, when the springs are frozen
(October to mid-May).

Large nymphs were present from ice

breakup (mid-May) through July.

Confirmed records of 92

adults from 13 collections of 11 interior Alaska streams
(Howe 1981), indicate a May-September emergence with a
distinct July peak.

The small size of recruits collected in

July, rapid summer increase in size and little change in
size during winter suggest that P. diversa has a univoltine,
slow cycle in North Slope streams and that hatching is
direct.

Related genera in the subfamily Chloroperlinae have

been little studied.

Haploperla brevis (Banks), a

ubiquitous eastern species, shows some variation in its life
cycle.

It is univoltine fast with a 2-5 month egg diapause

in Oklahoma (Ernst & Stewart 1985), and a 3-4 month diapause
in Quebec (Harper & Magnin 1969); in Alberta, it is
univoltine, slow (Barton 1980).

In contrast Sweltsa mediana

(Banks) and Sweltsa onkos (Ricker) have semivoltine (2-year)
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life cycles (Cushman et al. 1977, Harper 197 3b,
respectively) each with some degree of egg diapause and slow
development of early instar nymphs through the first winter.
S. mediana emerges April-May in Tennessee, while _S. onkos
emerges in May in Ontario.

There is great variation in

growth rates and seasonality of growth in the few species of
Chloroperlinae that have been studied.

As with the

Nemourinae, there is little evolutionary pattern in the life
cycles of Chloroperlinae genera.
Taenionema pacificum (Taeniopterygidae). - Most of the
T. pacificum nymphs measured were from the Chena River,
although these were supplemented with nymphs from the nearby
Chatnika River and Riley Creek.

Since early instars of 0.2

to 0.55 mm HCW were present in August collections (Fig. 9),
recruitment probably begins during July or earlier.

Growth

was steady through the summer, fall and early winter; nymphs
averaged 0.35 mm HCW in August and 0.95 mm HCW in January.
There was little growth from January until emergence in
April.

The life cycle is therefore univoltine slow.

Nymphs

can be sexed (Stewart & Stark 1988); male nymphs are smaller
than females, although there is some size overlap.
occur in the Yukon drainage from April through June.

Adults
In

contrast, Perry et al. (1987) found relatively constant
growth of T. pacificum nymphs from September through March
in Montana with adults present March-May.

They also found

substantial annual variation in the summer growth
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rates of early ins tars.

Taenionema nigripenne (Banks)

appears to have a univoltine fast life cycle in Colorado
with small nymphs appearing first in October and emergence
occurring by the following May (Ward 1984).

As expected,

emergence is later in Alberta (late May-August, Radford &
Hartland-Rowe 1971b).

Those species of the North American

Brachypteryinae that have been studied demonstrate
univoltine fast life cycles.

Oemopteryx fosketti (Ricker)

nymphs are absent from summer samples in Saskatchewan,
indicating a probable diapause (Dosdall St Lehmkuhl 1979).
Similarly, Oemopteryx contorta (Needham and Claassen) is
absent from summer samples in Tennessee with small nymphs
first appearing in October (Nelson 1982).

Harper and Hynes

(1972) confirmed nymphal diapause and an earlier description
by Frison (1929, 1935) of a univoltine fast life cycle for
Strophopteryx fasciata (Burmeister).

Strophopteryx limata

(Frison) has a similar life cycle with most of its growth in
November-January (Nelson 1982).

Thus, T. pacificum is the

only member of the North American Brachypteryinae with a
described life cycle that requires a full year for nyiaphal
growth, although across its range variation exists in the
character and seasonality of its growth (completing most of
its growth in Alaska by the end of January; growing until
March in Montana); southern populations have yet to be
analyzed.
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Isoperla petersoni (Perlodidae). - Although _I.
petersoni is the most common and abundant stonefly species
in the clearwater streams of Alaska, its life cycle has not
been previously reported.

Emergence occurred from June to

mid-August and recruitment appeared to begin in July (Fig.
10).

Early ins tars (less than 0.4 mm HCW) were poorly

represented in samples prior to August probably due to some
anomaly in the disparate collecting procedures.
all sizes of nymphs were present in September.

Virtually
This wide

size variation is probably due to the prolonged emergence of
the species in the region, possible semivoltinism in a
fraction of the population and substantial dimorphism of the
sexes (range of adult males 1.1-1.5, females 1.2-1.9).
Growth progressed until December when nymphs averaged 1.0 mm
HCW, slowed through the winter under ice then resumed again
in April (Fig. 4).

By June the smallest nymphs had a head

capsule width of 0.95 mm.

After icing there was a

conspicuous absence of those larger nymphs that were present
in September and probably did not emerge with their cohort,
suggesting that they were not accessed by sampling through
the winter.

These large nymphs appeared again as

individuals larger than 1.7 ram HCW in March-May samples.

It

is difficult to account for these few scattered large nymphs
in the March-May samples, in light of the observations that
nymphs from a large collection made during an active
emergence on the Tanana River in July of 1986 had maximum
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head capsule widths of 1.9 mm and 18 adults collected from
June through August in the region ranged from 1.1 to 1.9 ram
HCW.
The wide spread in monthly size of nymphs from fall
through spring suggests this species has a flexible life
cycle, being univoltine slow with possibly a portion of the
cohort (probably those recruited late in the summer)
requiring two years to complete development.

Further study

with more intensive winter sampling and use of small mesh
nets should help clarify our interpretation.

Of those North

American Isoperla with described life cycles Stewart and
Stark (1988) list nine species with univoltine slow life
cycles and two with univoltine fast cycles; although,
Isoperla goertzi is semivoltine in Germany (Schwarz 1970).
Clioperla clio (Newman) represents the only other
Isoperlinae genus with a described life cycle.

It can

complete development in streams with intermittent flow and
accordingly has a univoltine fast life cycle in Kentucky
(Minshall & Minshall 1966), Ontario (Harper 1973b) and
Arkansas (Feminella & Stewart 1986) .

I_. petersoni was the

only Alaskan stonefly examined with a winter-interrupted
growth pattern; all other univoltine species examined from
Alaska have completed growth by the onset of winter showing
little, or no, increase in head capsule width during the
spring prior to emergence.
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Arcynopteryx compacts (Perlodidae). - Adults of A.
compacta were present from May to August and the smallest
nymphs available (0.5 mm HCW) were common from June through
August (Fig. 11).

Growth of the new cohort during the

summer and fall was fast, with the average size increasing
from 0.7 in June to 2.0 ram HCW by October.

A. compacta was

not abundant in winter collections; however, the head
capsule width of October nymphs was not different from
mature nymphs and adults in May, indicating that little
growth occurred during the winter.

Similarly, Lillehammer

(1985) found most growth to occur from June to September for
this species in Norway.

Brinck (1949) described growth as

summer-autumn, with emergence peaking in mid-summer in
northern Sweden.

Both mature nymphs and adults showed

sexual dimorphism with adult females generally larger (range
1.8-2.9 mm HCW) than males (range 1.8-2.3 mm HCW).

Other

members of the tribe Arcynopterygini have been little
studied.

Frisonia picticeps appears to be univoltine with

continous growth from August to emergence in May-June
(Sheldon 1972).

Megarcys signata (Hagen) has a univoltine

life cycle with slowest growth during the winter and
emergence in April-July (Cather & Gaufin 1975, Allan 1982),
and Skwala parallela (Frison) and Skwala curvata (Hanson)
are apparently univoltine (Short & Ward 1980, Sheldon 1972,
respectively).

Radford and Hartland-Rowe (1971a) found

nymphs of Perlinodes aurea (Smith) with an average body
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length of 7 mm in October and steady growth to about 18 mm
by March in southwestern Alberta.

Life cycles are known for

species in seven other genera in the two other tribes of
Perlodinae.

All of these are univoltine (one univoltine,

fast) and are discussed by Stewart and Stark (1988).
Although there is seasonal variation in growth rates among
these species, an overwhelming pattern of univoltinism
exists in the Perlodidae; all of the species for which life
cycles have been reported on North American populations are
univoltine (in 15 of the 29 North American genera).
However, an Isoperla species and Diura bicaudata (Schwarz
1970) are semivoltine in Germany and Lillehammer (1978)
found D. bicaudata semivoltine in Norway.
The emergence and growth of these five stonefly species
are in harmony with the severe subarctic and arctic
conditions of Interior and North Slope Alaska streams,
showing expected temporal adjustment to the selective
pressures of the climate.

For example, they have adapted

temporally by extension of voltinism (Z. hay si) or
differential seasonal growth patterns (P. diversa, _T.
pacificum, I. petersoni, A. compacta).

Growth in all five

species seems to be temperature-dependent, which is
generally true of other stoneflies in northern temperate
latitudes (Brinck 1949, Lillehammer 1978, Brittain 1983).
Although caution must used when relating field data to
causality for example, various biotic and abiotic factors
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themselves highly related to a thermal regime be the actual
agent retarding growth during a thermal extreme, and
Brittain et al. (1986) has experimently shown that growth of
C. atra Morton is relatively temperature-independent at low
temperatures (above 0°C and ecologically relevant
species).

for that

In Alaska univoltine, spring and early summer

emerging species (i.e., P. diversa, T. pacificum, A.
compacta) complete most of their nymphal growth before their
first winter.

In contrast, univoltine, summer-emerging

species (i.e., I_. petersoni) experience two periods of
growth, one from recruitment until winter, and another in
the following spring.

The extreme 0°C five month winter

arrests or retards growth in all extreme northern species
(except, C. atra, Britain 1986, and possibly Zapada
cinctipes, Clifford 1969).

CHAPTER 4
FEMALE RESPONSE TO COMPUTER SIMULATED MALE DRUMMING
CALL VARIATIONS IN PTERONARCELLA BADIA
(PTERONARCYIDAE)
Stoneflies produce vibration patterns ("drumming") by
striking or rubbing the substrate with the distal ventral
portion of their abdomens (Rupprecht 1967, Zeigler & Stewart
1977, Stewart et al. 1982).

The number and spacing of these

pulses provide information for species identification, sex
recognition and mate location (Stewart & Zeigler 1984a).
Maketon and Stewart (1987) analyzed patterns of
drumming behavior and proposed a hypothesis on their origin
and evolution in the Plecoptera.

They and other authors

(Zwick 1973, Stewart & Zeigler 1984a,b, Zeigler & Stewart
1986) have proposed that drumming offers a potentially
important behavioral line of evidence for solving systematic
questions such as delineation of sibling and cryptic
species.

Zeigler and Stewart (1986) pointed out that the

best application of such evidence to species delineation
would require determination of intraspecific variation to
define the critical limits or species integrity of signals.
They conducted preliminary experiments with Pteronarcella
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badia (Hagen) and Perlinella drymo (Newman) and developed a
method for computer simulation of typical and variant male
calls for use in testing the range acceptable to virgin
females.

Their simulations of typical calls were highly

acceptable to females, but testing of variant calls was
limited by the dwindling number of females available as
variant calls were being synthesized.
A Colorado population of the prolific drummer P. badia
was used to: (1) further test the methodology of Zeigler and
Stewart (1986), (2) measure and analyze natural male call
variation, and (3) determine the amount of synthesized call
variation that a substantial number of virgin females
recognize.
Materials and Methods
Mature Pteronarcella badia nymphs were collected from
the Conejos River, Conejos Co., Colorado, on 18-V-1986,
transported to the laboratory and reared in a living stream,
where temperature and light periods approximated stream
conditions.

Leaf material collected from the river was

supplied as a food source.

Water temperature was gradually

increased from 8° to 15°C until 9-VI-1986, when adults began
to emerge.
All recording of male calls and presentation of
computer generated variant calls to virgin females was
conducted at 22°- 25°C from June 10-19, between 8 am and 4
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pm.

Calls of 35 reared males were recorded, using methods

and the recording chamber described by Stewart and Zeigler
(1984b).

These were analyzed for number of beats and

duration of the second beat interval (msec) on a Tektronix
7317 storage oscilloscope.

These parameters were used to

estimate variation in this population and to confirm the
seven beat mode .as the typical call (i.e., as a benchmark
from which to generate a spectrum of microcomputer
synthesized variant calls).
The simulated, computer-generated "typical" call was
produced in Basic language on a Texas Instruments 99/4A
microcomputer.

Precision of call spacing was accomplished

by a combination of manipulating the call sound controls of
the microcomputer and playback speed of a Superscope C-202LP
two speed cassette recorder.

Variant calls were then

generated around this call by varying the number of beats
per call (3,4,5,6,9,10,11) at the typical interval durations
in a seven-beat call, and by varying the signal duration of
the seven beat call at 57,62,76,83,94,103,127,152 and 154%
of typical.
The spectrum of recorded computer generated call
variations were presented to 51 females at intensities
(sound volumes) slightly lower than the average female
response.

Presentation was as described by Zeigler and

Stewart (1986) and essentially consisted of playback of
variant calls to live females through a small 8 ohm speaker
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having a short wooden rod glued perpendicular to the center
of the speaker cone; this was positioned so that the rod
made contact with the manilla box housing a test female.
The variant calls were placed in random order on a cassette
tape and each was repeated four times with a 5-second pause
between the repetitions and a longer 20-second pause between
variant types.,

Presentation of the series of variant calls

began at a random location (different for each female &
between variant types) on the tape.
Male calls were characterized using canonical
correlation (appropriate for data with more than one
dependent variable).

The null hypothesis, there is no

difference in the mean number of female responses to a
series of synthesized male call variations, was tested.

A

repeated measures design was used to delineate windows of
female recognition to variation in number of male beats per
call and in the interval between beats.

Female response

levels to the range of variant calls were initially tested
using analysis of variance (ANOVA) followed by Duncan's
multiple range test (a. = 0.05) to determine if responses to
male calls were significantly different across the range
tested and which calls received significantly fewer
responses.

All statistical analyses were performed using

SPSSX (SPSS Inc. 1983) and were considered significant when
£ = 0.05).

Voucher specimens of P. badia from this study

are deposited with the Smithsonian Institution.
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Results and Discussion
As reported in previous papers (Ziegler & Stewart 1977,
Stewart et al. 1982) the typical male call from the Colorado
population P. badia consisted of a mode seven beats (Table
1).

Natural call variation in the 37 males ranged from 5 to

9 beats (Table 1, Fig. 12).

Microcomputer simulation of the

typical call elicited answers from 72% of the 51 virgin
females, further substantiating the integrity of the
simulation method and establishing that number of beats and
beat intervals are the important parameters and
informational content of male calls.
Females could differentiate between computer
synthesized call variations in both number of beats and
signal durations (Figs. 12,13). Duncan's multiple range test
indicated that response levels to calls with three and four
beats were significantly lower than those of 5-11 beats.
Responses were also significantly lower to calls with
durations of 57 and 62% of typical than to those 76-154% of
typical duration.

Responses within the range of 5-11 beats

and 76-154% of typical duration were not significantly
different from the typical seven beat call.

Similar results

were obtained for two species, including £. badia, by
Zeigler and Stewart (1986), and suggest that female drumming
response in tested species follows an all-or-none pattern;
e.g., substantial response begins in P. badia with a minimal
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Table 1. A synopsis of variation in duration of the
second interval in male calls

Beats

5
6
7
8
9

Calls measured

5
19
40
30
5

Second Interval Duration (msec)
Minimum Maximum
(X±SD)
7 6.0±6.8
66.9±4.0
62.7±4.2
59.4±2.3
54.4±1.7

65.0
60.0
56.0
55.0
52.0

83.0
73.0
73.0
65.0
56.0
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Fig. 12. Mean responses per female to synthesized
male calls with beat variations. Dotted line separates
homogeneous subsets; Duncan's multiple range test.
Frequency polygon of male calls plotted against the
number of beats per call.
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Fig. 13. Mean responses per female to synthesized
seven beat male calls with interval variations. Dotted
line separates homogeneous subsets; Duncan's multiple
range test. Dashed line represents range of natural
variation found in seven beat male call intervals.
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"stimulus" of five beats at typical durations, and does not
significantly increase as beat number or duration increase
(to w e l l above typical beat and natural beat range).

This

is an exciting discovery and if true in other stonefly
species that exhibit this sequential call-answer pattern of
P. badia, the phenomenon could have value in predicting
approximate levels of variation for taxonomic and behavioral
interpretations.

It could also suggest that an all-or-none

response may be functional for other derived drumming
patterns such as grouped or rub-call patterns
Stewart

1987).

(Maketon St

Female response to the wide range of

synthesized male signals demonstrated that the "female
window of recognition" encompasses observed variation in the
37 male sample (Fig. 12,13).
The direction of the female response plateau (Fig. 12)
corresponds well to variation needed to accommodate
temperature effects on the male call intervals

(i.e., colder

temperatures produce calls w i t h longer intervals). Canonical
correlation was used to describe the relationship between
the measured parameters in the male calls

(number of beats

per call, duration of the second interval) and test
conditions

(chamber temperature, days as an adult, hour of

testing).

The results indicated a strong negative

relationship between number of beats/call and second
interval duration (partial correlation = -0.74) taking into
account test conditions; and indicated test conditions had a
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significant impact on the male call parameters.

Examination

of the correlations between male call parameters and
canonical covariates were high for days as an adult (0.81)
and temperature (0.74), and moderate for test hour (0.31).
Least squares regression indicated a decrease of 4.5 msec in
second interval duration for each additional beat.
The change in second interval duration is not as simple
as the least squares model might suggest (Table 1).

Two

elements are apparently more complex than anticipated: the
change in second interval duration is regressive (i.e.,
9-beat calls have a 5.0 msec shorter duration than 8-beat
calls, while 6-beat calls are 9.1 msec shorter than 5-beat
calls); and the standard deviation is generally greater in
calls of fewer beats.

The pattern in standard deviation

suggests that many shorter signals may be longer signals
attenuated at the end (e.g., a 5-beat call may often be a
7-beat call with failure to strike the substrate on the last
two abdominal movements).

The regressive nature of the

second interval duration as additional beats are added to
the signal can be explained by recalling that: 1) the 5-beat
call contains sufficient information for activation of a
female response and 2) the progressive nature of the male
call (i.e., as the call proceeds each interval between beats
is longer than the previous).

These suggest that the longer

calls may be achieved by the addition of beats to the
beginning of a shorter call.

This would help ensure
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effective communication when there is a failure to strike
the substrate at the start or finish of the call (all calls
of 6 or more beats have a five beat call embedded within
them, just as the 9-beat call has embedded within it all
shorter calls) and to ensure that there is an effective five
beat call within a longer call during cooler temperatures.
Cooler air temperatures result in the typical poikilotherm
slowness (see Zeigler & Stewart 1977, where a 23°C range
resulted in a 5 fold increase in signal duration).

In other

words, variations in the male call may be derived to
accommodate mechanical error and environmental temperature
variation, yet still retain species integrity.
This study of P. badia drumming represents: a model for
presentation of computer synthesized male signals to live
females in stoneflies, which meets assumptions of randomness
and replication necessary for rigorous testing of
hypotheses. Findings that: (1) the female window of
recognition encompasses natural male variation in number of
beats/signal and signal intervals, (2) females respond in an
all-or-none fashion, (3) female responses to interval
duration contain a plateau that may accommodate slower
signals at cooler temperatures, and (4) male signals appear
to incorporate features which may ensure recognition if
beats are inadvertently missed and temperatures are cooler.
These are important considerations whose possible
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universality in other species with similar and different
drumming patterns need testing.

CHAPTER 5
AGGREGATION OF PTERONARCELLA BADIA NYMPHS
AND EFFECTS OF INTERACTION WITH
CLAASSENIA SABULOSA
Abiotic factors important in determining the
distribution of benthic organisms in lotic systems include
the distribution of organic matter in the stream bottom,
current velocity and substrate heterogeneity and size
(Williams 1981, Minshall 1984).

Since these and other

environmental variables are unevenly distributed in streams,
clumped distributions of benthic organisms are common (e.g.,
Elliott 1977).
There are numerous examples of behavior influencing
patterns of distributions.

Glass and Bovbjerg (1969) found

that agonistic behavior between Cheumatopsyche larvae
increased with population density, and that this behavior
enforced conspecific spacing.

Aggressive behavior may

exclude not only conspecifics, but also competing species
from a resource rich territory (Hart 1985).

Moreover,

interaction of congeners may change distribution patterns of
the species involved (Mackay & Kalff 1973).

Malmqvist and

Sjostrom (1984), in examining predator distribution, found
that presence of two stonefly species correlated with biotic
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rather than abiotic elements (i.e., to prey densities).
Sjostrom (1985) established that conspecific interaction
between individual predators influenced spacing.

Williams

(1981) discussed changes in prey density and the tendency of
prey to drift when confronted by a predator.

Peckarsky

(1984) reviewed earlier work on predator-prey interactions
and concluded that the presence of predators can
significantly affect the distribution and colonization rates
of benthic prey species.

Changes in the distribution of a

species represent an important category of response to
biotic and abiotic factors.
It is possible to observe two or more distributional
patterns for a species at one site.

For example, a larger

pattern may be formed by a heterogenous stream bottom
(pattern between patches); a finer scaled pattern may exist
within any one patch (Hart 1987).

While both patterns are

determined by abiotic factors and biotic interactions, the
finer scaled pattern may be more influenced by interactions
between individuals.

This finer scaled pattern of

distribution is the primary focus of this chapter.
Explicit conditions leading to specific insect
distributions in lotic systems are often difficult to
determine because of the interaction of myriad factors.

To

address this problem a series of simplified experiments were
used to examine distributional patterns and provide a
benchmark or control against which variables with the
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potential to influence spacing (e.g., interference and
intra- or interspecies densities) could be tested in two
stonefly species: Pteronarcella badia (Hagen) and Claassenia
sabulosa (Banks). £. badia nymphs feed on whole leaf
detritus and moss, while C. sabulosa is predaceous (Fuller &
Stewart 1979).

Four questions were asked in relation to

availability of a relatively inert, fibrous substrate: (1)
What is the character of the distribution (clumped, random,
uniform), (2) Are the distributions related to substrate
surface area. (3) Does intraspecific interaction change the
character of the distribution of a shredder, (4) Does
interspecific interaction change the character of the
distribution?
Materials and Methods
Late instar nymphs of Pteronarcella badia and
Claassenia sabulosa were obtained from the Conejos River,
Conejos County, Colorado on March 20, 1987.

They were held

in laboratory streams at temperatures and: a light regime
similar to those of the collection stream.
In all four treatments, nymphs were placed in enamel
trays (30 by 19 cm) containing a 2 cm depth of water from
the laboratory stream.

Nymphs showed no signs of oxygen

stress (e.g., pushups, swaying) during the trials.

Since

organisms may orient spatially (especially aggregate) in
response to currents (Koehl 1984) and some mechanisms for
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explaining microdistribution-substrate patterns may be
clouded by the presence of current (Adam et al, 1987), all
treatments were conducted in static water.

The trays were

kept in an environmental chamber, maintained at 10°C, and 8
hours dark - 16 hours light cycle during each test.

Filter

paper was used as a substrate because it could serve as an
effective tactile substitute for leaf substrate, without
being attractive as a food source to P. badia.

Filter paper
o

substrates of four sizes (61.5, 30.8, 15.4, 7.7 cm ) were
placed in each tray, one in each corner.
Variations in the three treatments were: (1) 1 P. badia
nymph/tray (7-replicated trays) - to test for association
with substrates of different sizes, (2) 4 P. badia
nymphs/tray (7-replicated trays) - to test for
distributional response, with intraspecific interaction, (3)
3 P. badia with 2 G. sabulosa nymphs/tray (7-replicated
trays) - to test for association with substrates, with
possible interspecific interaction.

Nymph assocation with

the different sized substrates (and to one another in
treatments 2, 3) were recorded each morning for 7 days in
the initial treatment (with only one nymph per tray, several
days of data collection were needed to meet Chi square
requirements.

The requirements of the test could be

achieved in fewer days in subsequent treatments, accordingly
trials were reduced to 4 days).
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In a fourth treatment, 14 nymphs of P. badia and C.
sabulosa were placed in separate trays (no replication
within species); each tray contained laboratory stream water
and two slightly overlapping pieces of filter paper (12 cm
diameter).

Distributional response of each species under

these conditions of conspecific crowding was recorded on two
mornings.
2

Chi square (X ) was used to analyze the relationship
of the species distribution to substrate surface area,
although log-likelihood (G) was substituted when appropriate
(Zar 1984).

The Kolmogorov-Smirnov test for goodness-of-fit

(K-S) was used to determine if distribution was different
from random (SPSS 1983).
Results and Discussion
The frequency distribution of JP. badia (in treatments
of 1 & 4 nymphs/tray) was not significantly different from
2
the percentage surface area of the four substrates (X
4.4, £ > 0.1; X^

=

=

2.58, £ > 0.25, respectively; Fig. 14).

The treatment with four nymphs/tray produced a distribution
significantly different from random (K-S f 1.68, £ = 0.007),
with eighty percent of the individuals present in clusters
of four.

In this simple system, P. badia nymphs tended to

aggregate, often with body contact, and distributed in
proportion to the available substrate surface area.

Field
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observations indicated that aggregation of this species also
occurs under natural stream conditions.

However, field

observations do not allow determination of specific
conditions influencing the aggregation.
Aggregation has been suggested as a mechanism to permit
coexistence of strongly competing species without stringent
resource partitioning (Atkinson & Shorrocks 1981, Green
1986).

The probability of aggregation becoming fixed as an

intrinsic response for a species should be directly related
to the number of clumped resources it uses, the degree of
clumping it perceives in each resource and the number of
dimensions along which each resource is clumped (e.g.,
temporal, spatial).

Since allochthonous leaf material (1)

represents one of the principal energy bases and substrates
in many stream ecosystems (Minshall et al. 1983), (2) has a
strongly pulsed annual renewal (Minshall 1967) and (3) is
frequently clumped in distribution, aggregation might be
expected in P. badia and other large particle detritivores.
Accordingly, when placed in containers with a variety of
leaf species, nymphs of Peltoperla maria were found to
congregate on leaves preferred as a food source (Wallace et
al. 1970).
Aggregation may also occur when organisms benefit by
increased feeding effiencies (Wilson 1980).

Since many

shredders derive nutrition from both the leaf material and
the associated microbes, all members of a group will benefit
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from the incidental transport and distribution of
saprophytic fungi and bacteria and the subsequent increase
in the conditioning rate of the primary substrate.
Aggregation should result in an increased rate of
colonization and probability of microbial species that are
preferred as a food source reaching the leaf pack.
Increased feeding efficiency may also result from the
combined action of nymphs in reducing leaf particle size and
thereby exposing greater surface area to attack by fungi and
bacteria.
P. badia nymphs formed three adjacent masses composed
of 4, 5, and 5 individuals in the treatment with 14 nymphs
in one tray.

The fourteen C. sabulosa nymphs in a separate

tray demonstrated a more even spacing, using cercal and
antennal contact with conspecifics to maintain distance as
described by Williams (1987) for two other predatory
stonefly species.

"Tail-whipping" and biting antagonism

between conspecific predacious Perlinella drymo (Newman)
nymphs on leaf substrate in aquaria has been previously
noted (K. W. Stewart, unpublished data).

Generally,

predatory species of stoneflies might be expected to
maintain some degree of individual spacing and establish
territories, aggressively excluding conspecifics (Sjostrom
1984).
In the presence of C. sabulosa (2 nymphs/tray), the
frequency distribution of P. badia (3 nymphs/tray) was
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significantly different from the percentage surface area of
the four substrates (X^ = 12.02, £ < 0.005; Fig. 14), and P.
badia nymphs fit a Poisson distribution (i.e., not different
from random; K^S = 0.9, £

=

0.39).

In the same trials, C.

sabulosa also failed to distribute in proportion to the
surface area of substrates (G = 13.64, p < 0.005; Fig. 14).
This increase in the complexity of the experimental system
by the addition of a second biotic element (C. sabulosa, a
potential predator of similar size to P. badia) resulted in
greater use of smaller substrates by P. badia and eliminated
aggregation.

This suggests that biotic interactions may

strongly influence the patterns we observe in natural
systems and may represent one element contributing to
failures to find a relationship between substrate surface
area and the distribution of stream insects (Minshall &
Minshall 1977, Reice 1980).

While a proximate predator may

reduce or eliminate aggregation, the habit of aggregation
can be a mechanism for reduction of predation pressure.

For

example, when several potential prey individuals are
clustered, several outcomes exist: all members of the
cluster are undetected because of a lower probability in
locating a single point in space over a given time than in
finding any one of several points, the cluster is located
and all members escape because of confusion to the predator
when several choices are present and one member of a cluster
is caught and all or some escape during the ensuing handling
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time and possible satiation of the predator (Pulliam &
Caraco, 1984).

To adequately test this possibility, the

success rate of attacks on individuals and clusters of
potential prey within the size thresholds of a predator such
as C. sabulosa might be compared.
It will be difficult to determine exactly which factors
lead to aggregation by P. badia; however, if aggregation is
basically a response to competition for a resource unevenly
distributed spatially and temporally, then: (1) other
processors of coarse detritus may also exhibit aggregation,
and (2) we might expect to find streams with several large
particle detritivores present and ecologically viable, in
effect partitioning this resource spatially as conspecific
clusters.

The discovery of the intrinsic distributional

response (random, clumped, uniform) of a species to single
parameters such as inert substrates of known surface area as
in this study, and to low level experimental manipulations
of density, and interspecific interaction, gives us some
reference point or benchmark against which to compare the
complex interactions that occur in natural systems.

CHAPTER 6
USE OF VOID SPACE IN HABITAT PARTITIONING
AMONG THE DOMINANT STONEFLIES IN A
SOUTHERN ROCKY MOUNTAIN STREAM
Stoneflies comprise one of the four major insect orders
inhabiting stream ecosystems and they occur in a diverse
array of stream microhabitats.

Their nymphs partition food

resources in diverse ways (Fuller & Stewart 1977, 1979), and
are the energy gathering and storage stage when resource
partitioning mechanisms are most operative (Stewart & Stark
1988) .
Several studies have shown an association of particular
species of stoneflies with mineral or vegetable substrates
(reviewed by Stewart & Stark 1988).

For example, Wallace et

al. (1970) showed that the stonefly, Peltoperla maria
Needham & Smith, preferred to feed on certain leaf species
and that nymphs congregated on leaves of preferred species.
Ernst and Stewart (1986) reviewed documented relationships
of stoneflies with organic matter and showed that density,
biomass and diversity of an Ozark stream stonefly assemblage
generally correlated with organic matter.

Jop and Stewart

(1987) documented the greatest stonefly production in
microhabitats of an Ozark stream where samples contained
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6 grams or more of leaf litter.

Among several mineral

substrates, greater numbers of stonefly species occur in
rubble and gravel than in other mineral substrate types in
Colorado streams (Ward 1975).

Similarly, Brusven and

Prather (1974) found by use of laboratory streams that
Pteronarcys California Newport prefers large pebbles over
smaller sized mineral particles and the presence of cobble
to its absence in several mineral substrates.

Hart (1978)

has effectively demonstrated that community patterns of
stream invertebrates develop at the microhabitat level.
These studies, field collecting experience of many colleages
and natural selection theory suggest that stonefly
assemblages coexist in the limited spaces of a stream's
substratum, at least partially reducing competition along
the space resource gradient.
As with stoneflies, the association of other aquatic
insects and macrobenthos with detritus and allochthonous
leaf material has been documented in flowing water (Nelson &
Scott 1962, Egglishaw 1964, 1968, Mackay 1969, Minshall &
Minshall 1977, Rabeni & Minshall 1977, Reice 1977, 1983,
Anderson et al. 1978, Hildrew et al. 1980, Hassage & Harrel
1986).

Clearly stoneflies and other insects have been

variously associated with microhabitat types in streams,
particularly in relation to amounts and types of organic
matter, but there has been no definitive documentation of
habitat partitioning, interraicrohabitat dispersions and use

61

of void space by a natural assemblage of species in a lotic
system.

The few studies that have dealt with questions of

space partitiong and use of void space by lotic insects in
general, have largely concerned colonization levels or
density assessment of species in single microhabitat types
such as leaf packs or mineral substrates, but usually not
both.

There seems to have been a reluctance to assess

partitioning by sampling an array of colonizable
microhabitats in the field, perhaps due in part to the
inherent problem of discrete and equitable sampling and
census in mineral versus vegetable substrates.

These

problems are addressed in this chapter using the three
dominant stonefly species in a low-order., canopied southern
Rocky Mountain stream and a discrete sampling approach to
the three basic rhithron microhabitats as a model.
Recruited (hatching) or immigrant stonefly nymphs
should have three basic stream habitat types available (Fig.
15); that is, (1) entrained debris or leaf packs overlying
mineral substrate, (2) mineral substrate overlain (canopied
or shaded) by vegetable debris, and (3) mineral substrate
subtending an open water column.

Previous investigations

have not incorporated a completely realistic approach to
sampling these three basic habitats, therefore: (1) sampling
only one of the three, (2) taking leaf packs and the
underlying mineral substrate as a combined sample, (3)
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defining community by colonization levels in artificially
placed mineral and/or vegetable substrates, (4) testing the
effects of specific parameters without considering the
ontogeny of the species in relation to habitat requirements
(i.e., knowledge of the life histories have not been taken
into account), and/or (5) testing specific parameters
without benefit of a contextual or general model of
microhabitat-species associations.
By discrete sampling of habitats 1-3 (Fig. 15) over
time, we can determine if there is species variation in the
abundance of respective nymphal sizes or development levels
with regard to substrate types and other abiotic factors,
and relative habitat use as defined by presence at higher
densities.

Therefore the general hypothesis will test for a

relationship between species abundances and a set of
relevant abiotic factors (water velocity, depth, and
temperature; void space; time as the cummulative effect of
other factors), with individual responses mediated by
developmental stage (size).

More specific hypotheses on the

causes of habitat use were also formulated using this model:
(1) if immigration-residence time is related to food
availability and/or food use, then we should expect
successful predator species in greatest densities in
habitats with highest prey densities and successful
shredders and gathering collectors in habitats with greatest
detrital-organic material (assuming that when a species size
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class is unable to maintain its density within a habitat
because of biotic factors, i.e., predation, interference,
competition, then that habitat has not been successfully
used by the species); (2) if immigration-residence time is
not related to quality of the habitat then, a) when it is
solely related to volume of interspace (void space), the
number of individuals/liter of void space in leaf pack will
not be different their densities in mineral substrates, or
b) when abundance is solely related to volume of substrate,
the number of individuals/liter of substrate in the three
habitats will not be different; (3) if immigration-residence
time is related to the life histories and/or interaction
between various stonefly species, then we could expect
habitat use and abandonment at relatively discrete size
classes or points in time; and (4) if immigration-residence
time is related to habitat type then densities in any of the
three habitats might differ.
A large problem in a wholistic approach to habitat use
is achieving equity of sampling between the mineral and
vegetable substrates.

This approach assumed that organisms

within a substrate occupy the void space and the volume of
water necessary to fill interstitial spaces = available
(void) space.

Since mineral substrate is perceived as a

3-dimensional habitat by many aquatic insects (Hynes 1974,
Poole & Stewart 1976) sample volume is an appropriate unit
for estimating faunal densities in mineral substrate and
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leaf pack. Additionally, I attempted to achieve equivalence
in sample types by sampling leaf pack and mineral substrates
with a similar substrate area exposed to the current.
This study represents an initial attempt to use an
experimental model to assess insect habitation of leaf packs
formed by current from leaf material carried naturally in
the stream flow, quantify three discrete microhabitats (leaf
pack, mineral substrate under leaf pack, open mineral
substrate) by use of sample volume, approach void space as a
potential parameter for the description of stream
macrobenthic density and incorporate knowledge of life
cycles of a component of the macrobenthos into an
experimental field study.
Why void space?

Minshall (1984) states that the topics

of substrate stability, surface complexity and pore space
are just beginning to be examined quantitatively and
experimently and that these parameters show promise of
yielding valuable information about insect-substrate
relationships.

Furthermore, Minshall (1984) raised a

concern of many stream ecologists when he suggested that
efforts to standardize key subtrate characteristics need to
be addressed.
Although there are several parameters that may be
related to the density of aquatic insects, not all are
suited for general ecological study.

To be of greatest

value in ecological studies a parameter should be
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expressible as biotic density (number of individuals per
unit), assessible for each sample, common to several
substrate types, time efficient, economically viable and
allow removal of the biota.

In a sense, a useful parameter

for expressing biotic density must be a lowest common
denominator among as many substrate types as possible, yet
possess the potential to relate microhabitat partitioned
densities to total stream production.
As a unit for biotic density, particle surface area is
difficult to estimate and not uniform in heterogenous
substrates.

While average or individual pore size can be

related to biotic abundance, it translates poorly as benthic
density, its measurement precludes removal of the fauna, it
is not uniform in heterogenous substrate and its calculation
is too time expensive to be of general ecological use.

The

percentage of porosity of a substrate also has a
relationship to the abundance of various species, but cannot
be expressed in terms of faunal density.

One aspect of

porosity that may be of general value in the comparison of
faunal densities between various heterogenous substrates is
the volume of interstitial space.

A distinct disadvantage

to the ijse of interstitial volume is that its measurement in
an undisturbed sample would be time expensive and
impractical in studies of a general nature and precludes
collection of the fauna; however, a consistent estimate of

:
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void space can be obtained from retrieved samples after
removal of the biota.
As a simple and effective measure of biotic density
sample volume may permit analysis among the most diverse
number of substrate types since it is a lowest common
denominator for numerous composite and noncomposite
substrates and sample volume can be extended to estimates of
total substrate volume for pooled and individual substrate
types within a given stream reach.

However, meaningful

comparisons of bedrock or large wood debris with substrates
composed of many small particles may be difficult.
Materials and Methods
The study site was a section of the Rio Vallecitos
River, about 5 km north of Canyon Plaza, Rio Arriba County,
New Mexico.

The stream is 2nd order, at about 2,600 m

elevation and flows from a relatively undisturbed basin
whose watershed is primarily Ponderosa Pine Parkland.
Streamside vegetation is composed of willow, Populus, alder,
and spruce.

Preliminary sampling established that three

stonefly species: Prostoia besametsa (Ricker) , Isoperla
fulva Claassen and Triznaka signata (Banks) were dominant
insects.

They were therefore selected for study of

microhabitat partitioning, intermicrohabitat dispersals, and
use of void space.
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Five discrete samples were taken monthly or bimonthly
in each of the three major habitats (leaf pack, mineral
substrate underlying leaf pack, mineral substrate subtending
open water) from an area of riffles in the Rio Vallecitos.
Leaf and detrital material carried naturally in the stream
flow accumulated on wire entraining devices (2.5 cm mesh,
2

315 cm

) secured to the stream bottom.

Each entraining

device was placed over similar substrate (i.e., heterogenous
mineral substrate composed of particles less than 10 cm in
diameter).

The site of each open mineral sample was that

spot nearest, but not downstream of the entraining device
with mineral substrate less than 10 cm in diameter.

A

random table was used to determine those samples collected
each month, although the actual retrival sequence of each
month's samples was from downstream to upstream.

Water

velocity and depth were recorded at both the site of
entrainment and open mineral sampling, and water temperature
was recorded prior to sample retrival on each collection
day.
A discrete method of sampling with rough equivalence in
the three major habitats (Fig. 15) was used, that is, both
the leaf entraining device and the Hess sampler (used for
sampling mineral substrate) were designed to sample similar
o
areas of exposure to current, ca. 315 cm . Overlying debris
material (the artifically entrained leaf pack) was sampled
prior to sampling mineral substrate by slipping a two stage
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net (the fine outer mesh = 151 jam) downstream and under the
leaf pack and moving the leaf pack into the net.

A Hess

sampler with a bottom cutting ring 20 cm in diameter and a
mesh net of 151 jum was used to sample mineral substrates to
a depth of 10 cm.

Stoneflies were hand-picked from

alcohol-preserved samples, identified, enumerated, and head
capsule width (HCW; widest point immediately behind the
eyes) recorded.
An estimate of interstitial volume (void space) was
obtained by placing each slightly moist leaf pack in a
calibrated liter container (10 cm diameter; sticks and twigs
longer than the container's diameter were broken to fit),
covering the leaf material with a 9 cm diameter coarse mesh
wire cloth, and then compressing the leaf material with a
one kilometer weight.

Interstitial volume, and therefore

estimated available space, equaled the volume of water
necessary to fill the interstitial leaf space to a point
flush with the top of the leaves in the container. Total
sample volume was also determined while the leaf material
was submerged in the container.

Subsequently leaf packs

wer,e dryed for 48 hours at 60°C to obtain dry weights.
; Mean void space of mineral samples was determined by
excavating nine Hess samples from the study site, air drying
for several weeks, placing each in a container, repacking
the substrate by tapping with a one kilogram weight and
recording the water volume necessary to fill the
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interstitial spaces between mineral particles to a point
flush with the top of the substrate.

Mean Hess sample

volume of the mineral substrate was established by the water
line.

Since the Hess sampler was used in relatively similar

substrate during the course of the study, the void and
sample volume of all mineral substrate samples was assumed
to equal the estimated means.
Comparisons of populations through time were then made
for the three dominant stonefly species.

The raw abundance

data did not fit a normal distribution, therefore species
numbers were transformed to the natural log(y + 0.5) for I.
fulva and ^P. besametsa, and the square root for T. signata.
These transformations improved the general fit and
linearality of the data.

Relationships important in the use

of the habitats by these stonefly species were determined by
use of canonical correlation (SPSS 1986).

Dispersion of

species over time were extrapolated from progressions of
size-classes of populations in each habitat over time,
related to their life history.

Faunal densities of the

stonefly species (i.e., numbers related to void space,
sample volume) in both leaf and mineral samples were
determined for all samples.
Results and Discussion
The nine mineral substrate samples had a mean sample
volume of 3.0±0.3 liters, which is consistent with the
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designed sample bite of the Hess sampler (i.e., 3.15 liters)
and 33% of mineral sample volume was void space.

The mean

monthly leaf pack volumes varied from less than 0.2 liters
to over 0.7 liters (Fig. 16) and 66% of leaf pack sample
volume was void space.

These percentages are comparable to

the void space for several substrates reported by Morris and
Johnson (1967): 28% for repacked coarse gravel, 34% for
repacked fine gravel, 42% for sand and clay, 92% for peat;
and Williams (1980): 38 to 45% for several artificial
mineral constructions, prior to their placement in a stream.
Leaf pack dry weight was highly related to both sample
volume and void space (R^ = 0.90, p < 0.000;

= 0.83, j> <

0.000), indicating that these measures are reasonable and
consistant, in spite of the reconstituted nature of leaf
packs and mineral samples.

The linear regressions for

describing these relationships are: leaf pack volume in
milliters = 75 ml + 13.9 ml x leaf pack dry weight in grams;
and leaf pack void space in milliters = 64.2 ml + 10.6 ml x
leaf pack dry weight in grams.

These high correlations

indicate that use of any one of these parameters (dry
weight, sample volume, void space) could indicate available
living space in leaf packs.
A multivariate statistical approach was necessary to
determine the effects of the independent variables tested
(depth, void space, days from June 1, water velocity, water
temperature, individual size) on observed abundance of the
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:
three stonefly species, because correlations existed in
their abundances (Table 2).

Since species abundance and the

independent variables were continuous,; canonical correlation
was an appropriate general model to test for

relationships.

All multivariate tests of significance indicated that
species abundance (a 3 species set) was correlated with the
predictor variables as a set and the three generated
equations of prediction were all significant to the model
(Table 3).

Water depth was the only measured parameter not

contributing to the multivariate regression equations.
Since all sampling was conducted in a riffle area, this was
probably the result of the low variation in sample depth on
days of collection. In fact, Statzner (1981) proposed that
water depth, velocity and substrate characteristics are
three key factors determining abundance of many
macroinvertebrates in flowing water and demonstrated that
biotic variability increased as the configuration of these
three factors changed.
The squared canonical correlations for the three
equations were 0.63, 0.42 and 0..29. These

values represent

independent (orthogonal) sources of variance; however,
graphical presentation of the correlations of model
variables suggested that they represented composite scores
of underlying factors which may be interrelated (Fig. 17).
In other words, although the statistical test of the model
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Table 2. Partial correlations of three stonefly
species, taking into account estimated abiotic parameters
and head capsule width (appropiate transformations
indicated); and results of the Bartlett test of sphericity

I. fulva
T. signata
P. besametsa

P. besametsa
dog)

T. signata
(sq rt)

I. fulva
(log)
1
-0.54
-0.18

1
-0.20

1

Bartlett test of sphericity = 194.9, p < 0.001.

Table 3. Canonical correlations of variables and
interaction variables among three factors, and squared
canonical correlations between the predictor and criterion
variable sets
FACTOR 1
CRITERION VARIABLES:
Isoperla fulva
Prostoia besametsa
Triznaka signata
CANONICAL R 2
PREDICTOR VARIABLES:
water temperature
days (from June 1)
water velocity
head capsule width
void space
hew * water temperture
hew * water velocity
hew * days
days * water temperature

.80
-.78
.63
.66
-.53
.56

FACTOR 2

.44
.68
.42

FACTOR 3

.57
.46
-.70
.29

.35
-.34
.32
-.86
-.74

-.80
-.71
.56
-.62

-.38
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Fig. 17. Three dimensional representation of
variable correlations along factor axes (canonical
correlation).
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imposes an orthogonal solution, the real or underlying
variables are probably somewhat related.
I. fulva and P. besametsa abundances are strongly, but
oppositely, predicted by the same variables and variable
interactions (Equation 1, Table 3).

Actually, the

interactions of head capsule width (i.e., individual size)
with water temperature, current and days have higher
correlations than these variables do singularly.

This

indicates that the developmental stage and particle size of
an individual determines how and probably if, it can respond
to many abiotic elements of its environment, especially if
days (time) can be considered the cumulative effect of
measured and unmeasured environmental factors and
physiological processes.

1^. fulva abundance was strongly

related to faster current and declined after the summer
recruitment while P. besametsa abundance was highest in
winter following a late fall recruitment (Fig. 18) and
declined rapidly during the early spring emergence of
adults.

Distribution of lotic insects and other

invertebrates is influenced by numerous factors, many with
distinct interaction effects; for example, Hawkins et al.
(1982) studied the effects of canopy, substrate and stream
gradient on guilds of macroinvertebrates and concluded that
streamside canopy was more important than gradient in
affecting total abundance in riffles, while the opposite
effect was operative in pools.
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Individual size strongly influenced the abundance of T.
signata and had a moderate effect on JP. besametsa abundance
(Equation 2, Table 3).

Apparently this is the result of

differing survival rates in the three species (Fig. 18),
although a relationship between effects operating in
equations 1 and 2 should not be excluded.
The third equation indicates the relationship of the
three species to void space (ergo, mineral versus leaf pack
substrates).

I. fulva and P. besametsa occurred at high

densities in leaf packs throughovit their nymphal
development, while

T. signata's abundance was weakly

correlated with leaf packs through its summer-fall nymphal
development, and abandoned them in winter (Fig. 19, 20, 21).
Similarly, Reice (1980) found that insects moved from leaf
material into underlying substrates as leaves decomposed,
and Feminella and Stewart (1986) noted a dispersion of
stoneflies into and out of leaf packs in relation to
leaf-fall pulses.

Visual examination of the densities of

these three species among the three microhabitats, with
density calculated as number/liter of void space
(Fig. 19, 20, 21) and sample volume (Fijg 22, 23, 24),
clearly indicates that void space and sample volume did not
solely determine the distribution of these species among
leaf packs and mineral substrates, i.e.:, biotic densities
are not equal or even similar between leaf pack and mineral
substates.

However, equation 3 indicates the relative
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importance of total void space to the distribution of these
organisms.
Dietary shifts were demonstrated in _I. fulva nymphs by
Fuller and Stewart (1977, 1979).

Three pooled Chloroperlid

genera (Triznaka among them) also exibited apparent shifts
in diet.

They found high dietary overlap between I_. fulva

and Chloroperlids in both studies.

Additionally, the

dietary shifts were temporally similar. I_. fulva's

fall

diet of diatoms and detritus would be well served in leaf
packs because of the abundance of these items in this
microhabitat.

Thus, the absence of _I. fulva nymphs in open

mineral substrate during the fall and corresponding
abundance in leaf packs (Fig. 22) might be predicted by
optimal foraging theory (Krebs 1978).

Continued dominance

of I_. fulva in leaf packs through the year may be explained
by its shift to chironomids as a principal prey item, since
leaf packs support high densities of many chironomid species
(Hassage & Stewart, unpublished data).

The presence of T.

signata nymphs in fall leaf packs (Fig. 24) represents an
apparently similar response to the presence of its primary
fall food source, detritus.

Potential mechanisms to

accommodate some level of competition among detritivores
have been postulated by Hassage et al (1988).

However, in

the winter P. besametsa recruits were numerically dominate
in leaf packs, and T. signata appeared to respond by
abandoning the leaf packs.

Three biotic interactions may
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influence these shifts in T. signata distribution: 1) nymphs
falling within the prey threshold of the faster growing I.
fulva; 2) continued dietary overlap with _I. fulva; and 3) _P.
besametsa nymphs representing an increase in the total
competition for organic material in the leaf packs.

After a

winter absence T. signata nymphs return to leaf packs in
spring (April and May), since they are no longer potential
prey of 1. fulva; at this time they are actually competing
with 1^. fulva for similar sized prey, averaging 0.21 mm HCW
(Fuller and Stewart 1977, 1979).
The possibility that other factors may be operative in
influencing the relative abundances of these three stonefly
species among these mineral and leaf pack microhabitats
should not be excluded, especially since some varience in
abundances is unexplained by the model.

However, the

negative partial correlations between these three species
(Table 2) suggest a consistent mode and direction of biotic
interaction.

Clearly, interactions with several biotic and

abiotic effects ultimately determine the relative abundances
of these species.

Just as Waters (1984) found larger

Gammarus pseudolimnaeus Bousfield to frequent larger
substrates in the field, and more recently the role of
current in mediating the distribution of Gammarus pulex (L.)
among several size classes of mineral substrate in direct
relation to individual size has been clarified (Adams et al.
1987), we can expect to understand the role of interaction
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among variables, only when they appear in the models we use
to determine appropriate parameters to examine.
Relationships were clearly demonstrated between three
stonefly species and what has typically been considered
disparate substrate types, i.e., leaf litter and mineral
substrate, from the viewpoint of liveable space.

In light

of the variation in void space which exists among various
substrates, future investigations of biotic abundances among
substrates need to explore this parameter of estimated
available space.

Organisms living within particulate

substrates (e.g., leaf litter, mineral substrate) may use
the available surface area to move across, yet they can only
occupy the actual void space.

The variable compaction

levels of a natural leaf pack are virtually impossible to
measure.

This and variable presence of cylindrical matter

(e.g., petioles, twigs) largely determine the precise amount
of void space available to the benthos.

Ultimately, the

relationhips of leaf decay rate, texture, type and species
to void space and sample volume needs to be investigated,
and may explain patterns of diversity and abundance between
leaf packs.
Clearly, we have demonstrated that the estimation of
substrate volume and volume of void space can be achieved
and standardized so as to permit reasonable and meaningful
comparisions of biotic abundances between quite disparate
substrate-microhabitat types.

It is also clear that
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individual size is an important parameter in defining
relations to abiotic factors, and that the ecology of an
organism becomes apparent only in light of its growth and
life history.

CHAPTER 7
GENERAL SUMMARY
1.

The nymphal growth and emergence of three stonefly
species were determined by intensive sampling of leaf
packs and mineral substrates in a riffle of a northern
New Mexico mountain stream.
a. Isoperla fulva (n=781) and Triznaka signata (n=421) had
late summer recruitment, and slow univoltine life
cycles; while Prostoia besametsa (n=2,009) nymphs were
recruited in late fall, and had a fast univoltine life
cycle. Skwala parallella nymphs were apparently
recruited in early summer or spring and were also
univoltine.

Sweltsa coloradensis and Claassenia

sabulosa were the only southwestern species examined
that had semivoltine life cycles.

Early instar S.

coloradensis nymphs were recruited concurrent with T.
signata nymphs, while C. sabulosa nymphs were recruited
in late summer and early fall.
b. Although they were of similar size at recruitment, T.
signata nymphs were generally 25% smaller than
fulva nymphs.

I_.

.P. besametsa nymphs grew rapidly during

the coldest part of the year, achieving size
equivalence with T. signata in December and February.
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The greatest nymphal growth rate was displayed by
parallela; nymphs of this species reached a 3.5 ram HCW
by the end of the fall.

Growth of C. sabulosa (which

ultimately reaches 4-5 mm HCW) was much slower; this
species require more than a single year of growth.

S.

coloradensis is also much slower growing than
univoltine species which reach similar mature sizes
(i.e., it required two years to reach a HCW of less
than 1.5 mm).
c. P. besametsa adults were first collected in April
(n=130) when they were most abundant; a few were also
collected in May (n=4) and June (n=1).

S_. parallela

adults (n=13) were only collected in April.

_I. fulva

adults (n=37) were collected only during June, while
adults of T. signata were abundant in June (n=22) and
July (n=33) with a single individual collected in
August.

Adult S_. coloradensis (n=1) and C_. sabulosa

(n=1) were collected in June and July, respectively.
2.

Historical collections of Interior and North Slope
Alaskan stoneflies were used to determine the life
cycle of five species common in the region; over 2,000
nymphs were measured.

Generally, most nymphal growth

occurred in summer and fall, although Isoperla
petersonl, a summer emerging species in Alaska, also
exhibited substantial spring growth.
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a. Plutniperla diversa and Arcynopteryx compacta were
recruited in early to mid-summer, and both species had
rapid growth to near mature nymphal size by October.
These species had an extended adult presence at
streamside, i.e., May through August, with a few T.
signata adults also present in September and had a
distinct July peak emergence.
b. Taenionema pacificum and Isoperla petersoni nymphs were
recruited in late summer and grew steadily until
December.

Since T. pacificum adults emerged early

(April-June), and growth of all species examined was
slower during winter, fall represented its primary
growth season.

I_. petersoni is a summer emerging

species (June-August) and consequently had a diphasic
growth pattern, i.e., fall and spring growth
interrupted by a winter hiatus.
c. Zapada haysi was the only Alaska species examined that
had a semivoltine life cycle.

Nymphal recruitment to

0.3 mm HCW was in October and growth was slow,
requiring two and possible more years for completion.
Adults were present May-July.
3.

Adults of Pteronarcella badia were examined for
variation in drumming signals.

Use of a large sample

size confirmed the basic patterns established by
earlier work (male mode = 7 beats) in which relatively
few individuals were available.
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a. Female response to computer generated male signals
encompassed observed male variation (e.g., male beat
range = 5-9; while female recognition range = 5 to
11+), indicated a definitive one-tailed window of
recognition, and conformed to an all-or-none response
pattern.
b. Male five-beat calls conveyed the information necessary
for a significant level of female response and longer
calls had all shorter calls embedded, e.g., a 9 beat
call has embedded within the elements of an 8, 7, 6,
and 5 beat call.
c. The pattern of variation in second call interval
suggests extant calls derived from the basic five-beat
call and accommodates mechanical error and variable
thermal regimes.
4.

Claassenia sabulosa and Pteronarcella badia

nymphs

were examined for distributional responses in a series
of laboratory experiments.
a. In treatments with single individuals and groups of
four _P. badia, a shredder, distributed in proportion to
the available surface area among fibrous, non-food
substrates of different sizes (K-S = 1.68, p = 0.007).
b. In treatments with four and fourteen P. badia, the
nymphs demonstrated aggregation, often with body
contact.

In the treatments with four nymphs 80% were
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in groups of four and 13% were in groups of 3, while in
the trial with fourteen nymphs, 3 groups were formed.
c. The distribution of P. badia became random (K-S = 0.9,
p = 0.39) and different from available surface area
(G = 13.6, p = 0.005) in the presence of C. sabulosa, a
predator, indicating interspecific interaction.
5.

A general model of habitat partitioning among the three
dominant stonefly species in a New Mexico mountain
stream was generated using substrate void space, water
temperature, current, and time.
a. Interaction of these variables with individual size was
an important aspect in predicting stonefly abundance
(63% of the variation was explained by the equation
containing the interaction variables.

This dimension

represented most of the variation in the abundance of
_I. fulva and P. besametsa.
b. Void and sample volumes of leaf packs related highly
(R^ = 0.83 & 0.90, respectively; JJ < 0.001) to the more
traditional parameter of relative amount of organic
material, dry weight.

The use of void space and sample

volume permitted the comparison of biotic density in
organic and mineral substrates.
c. Complete abandonment of mineral substrate in the fall
by _I. fulva fit well with expected dietary shifts and
the high resource availability leaf packs represent. In
contrast, the abandonment of leaf packs by T. signata
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in the winter fit temporally the increased competition
for total organic matter imposed on the system by the
very numerous nymphs of P. besametsa, and entry into I.
fulva's prey threshold.
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