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INTRODUCTION

The present study was undertaken to provide a
detailed evaluation of stream benthos distribution as
determined by the physical nature of the substrate,
the current velocity in the animal’s immediate vicini-
ty, and the distribution of food materials. The re-
search was designed to supplement field data with
experimental studies on the nature of behavioral
responses to these environmental parameters. In
order to obtain extensive information of sufficient de-
tail, the investigation was limited to two species of
limnephilid caddisflies (Pycnopsyche lepida and
Pycnopsyche guttifer) from two sections of a single
stream. Caddisflies are of special interest in distri-
bution studies sinece most species utilize substrate
units in case construction, and detailed analysis of
case building behavior should clarify the importance
of substrate particle size. As Milne (1943) con-
cluded from investigations on 25 species of caddis-
flies, the larval ease permits successful occupation of
a given habitat. The nature of the substrate limits
larval distribution, at least in part, through case
building requirements.

1 Manuscript first received May 12, 1963. Accepted for

. publication Jan. 22, 1964,
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In a recent review of benthic ecologieal pro-
cedures, the author (Cummins, 1962) pointed out that
although the results of a large number of investiga-
tions of invertebrate distributions in lotic waters
have appeared in the literature, very few have evalu-
ated the precise nature and importance of substrate
particle size, current velocity and distribution of food
materials. (For other reviews see Macan, 196la,
1961b, 1962). In general terms, these three factors
have been shown to be of primary importance in de-
termining the microdistributions of benthie inverte-
brates. Undoubtedly some environmental factors are
more critical than others, but it may be that all
physical, chemical and biotic parameters must be
evaluated to achieve reasonable accuracy in the pre-
diction of distributions.

The most extensively studied feature of aquatie
habitats, and often the most important, is the physieal
nature of the substrate. However, in studies on
running waters substrate is usually considered jointly
with current velocity—at least in general terms.
Two basic types of stream habitats can be described
on the basis of substrate and current veloeity. These
are: (1) riffles or fast water—cobble and gravel
bottom areas, and (2) pools or slow water—silt sub-
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strate regions. After Shelford (1814) and Shelford
and Eddy (1929) bhad deseribed stream communities
associated with each of these general habitat types,
Moon (1939) formulated a generalization known as
the “erosion-deposition concept.” This conecept re-
lates stream gradient and bottom type; all but the
coarse particles are swept from areas of steep
gradient and deposited in regions of low gradient,
with characteristic faunas and floras becoming as-
sociated with these erosional and depositional areas.

There have been a number of excellent marine
studies relating the physical nature of the substrate
to the distributions of benthic macroinvertebrates
(Sanders, 1956; 1958; 1960; Wieser, 1959; 1960);
studies in freshwater lakes are more limited (Beaty
and Hooper, 1958; Marzolf, 1962) and only a few
stream investigators have employed physical analysis
(Wene, 1940; Cummins, 1961 ; Eriksen, 1961). Most
studies on stream benthos have been based on vari-
ously detailed phenotypic descriptions of the sub-
strate with primary emphasis on the standing crops
of animals present. For example, Percival and
Whitehead (1929) recognized seven microhabitat
types, and Pennak and Van Gerpen (1947) sampled
four substrate types; both investigations considered
only the approximate size ranges of the substrate
materials in each habitat.

Some stream workers have reached the conclusion
that differences in maeroinvertebrate distribution are
best correlated with current velocity. Secott (1958),
working on the caddisflies of the River Dean in
England, divided the substrate into large, medium,
and small stones, estimated food supply from organic
matter determinations, and measured current veloci-
ties at the water surface. He concluded that, al-
though food supply determines some of the large
scale differences in larval distribution, current ve-
locity governs both the large and small scale dif-
ferences, by direct influence on certain species and
by its effect on the abundance of food materials.
Sinee the current veloeity at the surface of the stream
often bears little relationship to that at the stream
bottom where the animals reside, Allen (1959)
utilized a special current meter which measured
velocities approximately an inch from the bottom.
He also measured the largest stone (by weight) and
the exposed surface area of all stones within a
square-foot sample area. Only ecurrent velocity
showed a correlation with the different distributional
patterns of two groups of insects.

The most comprehensive studies on the relation-
ship between food materials and local distributions
of benthic macroinvertebrates have been -conducted
by marine workers. A noteworthy feature of these
studies has been the inclusion of critical laboratory
experiments on substrate selection. The investiga-
tions of Wieser (1956) on the crustacean Cumella,
Williams (1958) on three species of penaeid shrimps,
and Wilson (1958) on the settling of the meta-
morphosing larvae of the polycheate Ophelia all
demonstrated the importance of organic material in
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determining distributions. Geldray (1956), working
on a species of freshwater limpet in both lakes and
streams, concluded that algal food rendered a great
variety of substrates suitable for limpet populations.
Other parameters, such as oxygen concentration,
temperature, alkalinity, and the selection of oviposi-
tion sites, have been concluded to be of primary im-
portance in certain situations. However, with the
possible exception of oxygen concentration, the in-
fluence of these parameters is quite broad while un-
doubtedly substrate type, current velocity, and food
materials determine mierodistributions within the
framework they establish. Philipson (1955) demon-
strated the importance of oxygen concentration and
current velocity on the distributions of six species
of caddisfly larvae, and Eriksen (1961) correlated
oxygen concentrations with the distribution of two
species of burrowing mayflies. Beauchamp and
Ullyott (1932) demonstrated the ranges of environ-
mental temperatures inhabited by two species of
triclads, and Ide (1935) concluded that temperature
determined the general distributional patterns of
mayfly nymphs along the course of a stream.
Armitage (1958) found a positive correlation be-
tween alkalinity and caddisfly abundance, although
he did not determine substrate types or ecurrent
velocities.

In some cases the oviposition site may be re-
sponsible for establishing distributional patterns of
young animals. However, Corbet (1957) discovered
in his study on the emperor dragonfly that migration
from oviposition sites greatly modifies the initial
distribution. Roos (1957) demonstrated an upstream
migration of adult female caddisflies and mayflies
prior to oviposition. This, he postulated, com-
pensated for downstream displacement of the im-
mature forms and maintained the general distribu-
tional patterns of the various species.

An experimental approach to the study of factors
limiting the microdistribution of benthic stream in-
vertebrates has been pursued by only a few in-
vestigators. The provision of an artificial substrate
as an experimental field technique was utilized by

Moon (1940), Wene and Wickliff (1940) and Cian-

ficconi and Riatti (1957). Laboratory experimenta-
tion of the type initiated by Shelford (1914) has been
employed recently by a number of investigators
using refined techniques. Eriksen (1961) investi-
gated the joint role of substrate particle size and
oxygen concentration in determining the distribution
of nymphs of the burrowing mayfly Ephemera
simulans. Gaufin and Gaufin (1961) have investi-
gated the role of oxygen concentration in a small
laboratory flowing water system using stonefly
nymphs. Madsen (Kgbenhavens Univ., ferskvands-
biologiske lab., Hillerdd, Denmark, personal com-
munication) and Bovbjerg (1962) used flowing water
systems to study the influence on distributions of
substrate and eompetition respectively. Lauff and
Cummins (1964a, 1964b) have made detailed labora-
tory analyses of the influence of substrate particle
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size on the microdistribution of ten species of stream
macroinvertebrates.
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DESCRIPTION OF STUDY AREA

Fleming Creek, a small spring-fed stream (aver-
aging about 5 to 10 meters wide) with a drainage
area limited to northeastern Washtenaw County,
Michigan, was selected as the area for study. A
portion of the stream which flows through the con-
fines of the 200 acre University of Michigan Botani-
cal Gardens remains essentially undisturbed by direct
human influences, is shallow enough for detailed anal-
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yses and is relatively free from pollution. A
regular sampling program was initiated on July 30,
1959, but a great deal of background information
essential to the success of the study was obtained
from collections and observations made in Fleming
Creek beginning in 1957. These preliminary ob-
servations and collections were made on most of
the stream between the Plymouth Road crossing of
the upper east branch and the Geddes Road dam on
the main stream. Field sampling was then confined
to two portions of Fleming Creek, readily accessible
at all seasons of the year, where both species of
Pycnopsyche larvae were abundant.

The headwaters of Fleming Creek drain small
ponds and swampy areas and many of the upper
portions of the stream are intermittent. The lower
portion of the stream empties into the Huron River.
Most of the stream flow is due to ground water
contribution, in some places appearing as surface
springs. Although Fleming Creek averages about
30 em in depth, with some pools a meter or more
deep, high water during spring run-off may raise
the level as much as a meter. While the upper
reaches of the stream flow primarily through marshes
and meadows, the lower course, generally described
as a woodland stream (Eriksen, 1960), flows through
meadows and wooded regions. Many stretches are
heavily overgrown by shore vegetation, partieularly
species of Saliz and Cornus.

Because of the generally calcareous nature of the
drainage area, the water is hard with alkalinity de-
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TABLE 1. Substrate particle size terminology and categories!
Modified Wentworth classification Designation of Sieve sizes
classification size class U.8. | Tyler
used in this in mm Phi Sieve | Sieve
study Name Particle size Scale | Opening | Opening | No. | No.
range in mm | Decimal | Fraction inmm | inmm
Boulder Boulder >256 256 -8
Cobble Cobble 64-256 64 -6,-7 used individual wire square?
Pebble 32-64 32 -5 used individual wire square?
16-32 16 -4 15.9 0.625
| Pebble
8-16 8 -3 7.93 0.312
Gravel? 48 4 -2 4 0.157 5 5
Granule 2-4 2 -1 2 0.0787 | 10 9
Very coarse sand Very coarse sand 1-2 1 0 1 0.0394 | 18 16
sand - Coarse sand 0.5-1 0.5 1/2 1 0.5 0.0197 | 35 32
Medium sand Medium sand 0.25-0.5 0.25 1/4 2 0.25 0.0098 | 60 60
Fine sand Fine sand 0.1250.25 0.125} 1/8 3 0.125 0.0049 | 120 | 115
Very fine sand Very fine sand 0.0625-0.125 0.0625! 1/16 4 0.0625 | 0.0024 | 230 | 250
Silt Silt 0.0039-0.0625 0.0039| 1/256 5,6,7,8| silts separated by settling time?
Clay Clay >0.0039 >0.0039| 1/256 9 clays separated by centrifugation?
1 Table after Cummins (1962),
3 The elimination of the granule and incorporation of part of the pebble category into a gravel category was ted b of the abi of the term granule and
ﬁ-eq;nentunofthew-mmvelmtheh ture.
‘Methods unique to the present study.
terminations averaging about 230 ppm CaCOg. Tem- the accumulation of silt, as well as leaf litter and

peratures range from near 0°C in the winter to
about 25°C in the summer; however, springs, vegeta-
tion cover, and depth cause local differences. In
addition, diurnal variations of as much as 3°C have
been measured at a given point. Oxygen concentra-
tion determinations indicate a general saturation
from surface to bottom at all seasons, which ean be
attributed to the shallowness of the stream and its
numerous riffle areas.

Two sampling stations were employed, one im-
mediately below Ford Road bridge, the other in the
northeast corner of the University of Michigan
Botanical Gardens (at the first bridge downstream
from Cherry Hill Road). The Ford Road site was
utilized primarily for qualitative collections and as a
source for experimental animals; all but two of the
quantitative samples were taken at the Botanical
Gardens site.

Sampling below the Ford Road bridge was con-
fined to a stretch beginning with a pool at the bridge
and ending in a riffle approximately 20 meters down-
stream. Fig. 1 presents a generalized picture of the
range of mierohabitats in this small section of
Fleming Creek. The limits of these microhabitats
are not stable, but vary with the season and stream
flow. Three general habitats are easily recognized;
(1) marginal waters of reduced current and silt
substrate type, (2) central water of intermediate
current and gravel substrate type and, (3) a riffle of
cobble substrate type. (For clarification of substrate
terminology see Table 1.)

Along the stream margins reduced current allowed

debris consisting for the most part of sticks and
pieces of bark. The litter and debris were con-
tributed largely by the overhanging vegetation,
chiefly Saliz and Cornus. Submerged branches of
this shore vegetation were also characteristic of the
marginal water. One large concentration of leaf
litter and debris, located in the submerged wooden
frame of an old bridge piling, extended the marginal
type habitat toward the center of the stream. From
April through November, two beds of Elodea
canadensts were present near the stream margin and,
because of reduced current, collected silt along with
some leaf litter and debris. The more central por-
tions of the stream were characterized by increased
current velocity and a gravel substrate, although the
particle gize range included one boulder, some large
cobbles and size grades down through fine sand.
Some minute areas of silt, leaf litter and debris col-
lected behind the largest cobbles. The lower end of
the sampling area was a riffle with a predominantly
cobble and pebble substrate and had the most rapid
current of the section.

The sampling station in the Botanical Gardens
encompassed a longer section of stream. A bridge
and short riffle immediately below it marked the up-
stream boundary, and another riffle and a rock dam
approximately 65 meters downstream delineated the
lower boundary of the site. The wooded north bank
with its heavy growth of overhanging vegetation was
in sharp contrast to the meadow on the south
bank; this bank was high and steep, and included
only one small clump of bushes over the length
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Fia. 2. Fleming Creek sampling station within the University of Michigan Botanical Gardens.

of the sampling area (Fig. 2). The three gen-
eral habitat types distinguished at the Ford Road
sampling station were also encountered at this site.
The marginal areas were similar, although more ex-
tensive in places than at the Ford Road site. Two
large Elodea canadensis beds were located within
the sampling area and some other flowering aquatic
plants such as Sparganium eurycarpum, Ceratophyl-
lum demersum, and Potamogeton pectinatus oceur-
red in seattered patches along the shore. As before,
the central portion of the stream was best deseribed
as having a gravel bottom and moderate current,
and the riffles were fast water, cobble areas. How-
ever, the Botanical Garden sampling station included
a pool, having a summer depth of about 1 meter,
with a very slow current and a predominantly silt
substrate.

One highly variable component of the stream
environment was periphyton growth on the surfaces
of cobbles, pebbles, wood and other submerged ob-
jects. The periphyton growths encountered in the
sampling areas were Cladophora, Oedogonium,
various diatoms in a gelatinous matrix and aquatie
mosses, Cladophora and Oedogonium mats were
most prevalent during the low water periods of the
summer months. In February, another period of
low water, a diatom bloom, primarily Gomphonema,

blanketed the bottom at both sampling loeations.
Aquatic mosses were attached to the surfaces of
cobbles and large pebbles in all seasons, but growths
were heaviest in late summer.

METHODS

The rationale for selection of the particular tech-
niques employed in the present study has been pre-
sented elsewhere (Cummins, 1962). The primary
objective was a closely integrated program of field
sampling and laboratory experimentation.

FieLp SAMPLING PROCEDURES

The particular sampling procedure followed in
this study was devised to obtain detailed information
on the microdistribution of P. lepida and P. guttifer
larvae at all seasons and stages of their life history.
Actual substrate samples, angmented by photographic
analysis of the substrate surface and measurements
of ecurrent velocity at the stream bottom, were
deemed essential. Because of the great amount of
time required to take the type of quantitative
samples desired, it was necessary to limit severely
the number of such collections. Large numbers of
Pycnopsyche larvae, both for taxonomic purposes
and for detailed life history information, were ob-
tained hy qualitative sampling carried on conecurrent

| -
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with the quantitative program. Qualitative col-
leetions were taken from various microhabitats which
were described in detail and documented with photo-
graphs of the stream bottom in areas where- animals
were collected.

QUALITATIVE SAMPLES. Most of the qualitative
sampling was confined to the Ford Road loeation
(Fig. 1). Each time prior to collecting larvae, about
an hour was spent making general observations
through a glass-bottomed box. Such observations
proved quite valuable in gaining an integrated pie-
ture of larval distributions. Although the qualitative
collections were taken from various microhabitats,
they were grouped into two broad types based on
substrate; (1) gravel substrate and (2) silt, leaf
litter, and organic debris substrate. It was intended
that each of these broad types receive equal attention
on any one collection date. This was only imperfect-
ly accomplished because ease of collection varied
with larval size and microhabitat type. However, for
any given date the number of larvae recorded from
each habitat was believed to be reasonably repre-
sentative of actual distributional proportions.

The area collected was about 1 square meter in
each of the two general habitats. Colleetions were
made either by hand picking while viewing through
the glass-bottomed box or with a 1 mm mesh sereen
(38 em diameter). When the sereen was used, the
collected material was washed and sorted in an
enamel tray.

Thirteen qualitative collections taken from No-
vember 8, 1959 to June 7, 1960 yielded 324 larvae
which were preserved in a mixture of formalin and
70 per cent aleohol (1:10), along with the detailed
deseriptions of microhabitat types. Of these 324
larvae, about 87 percent were from the Ford Road
site. An additional 300 larvae were collected during
the period and kept in culture for laboratory ex-
periments.

QUANTITATIVE SAMPLES. The selection of quanti-
tative sample sites was biased by intentionally in-
cluding one or more visible P. lepida or P. guttifer
larvae. This provided maximum information from
a minimum number of samples and proved satis-
factory for all but the burrowing terminal instar of
P. lepida. These burrowers were sampled either by
the transect method or by selection of likely sites
based on previous collections. The 36 samples which
contained no Pycmopsyche resulted from miscues, i.e.
empty cases or leaves and sticks that looked like
cases, and failure to find burrowed individuals by
transect and selection sampling.

Once a sample site had been chosen by the biased,
transect, or selection method, a camera on a photo-
graphic stand support was centered above it. A
marker with the sample number and a millimeter
scale was anchored in the area to be photographed.

Prior to removal of the camera stend a phenotypic
deseription of the sample area and the positions of
visible Pycnopsyche relative to the sample marker
were noted. Data on weather conditions, water tem-
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perature, depth and current direction were also re-
corded. Following the removal of the camera stand,
current velocity was determined at a distance 2.5 em
from the bottom, in the immediate vicinity of the
sample marker. Current velocities were measured
with a pigmy current meter (Corbett, 1955).

Quantitative samples of the stream bottom and
associated animals were taken beside the .sample
marker—the position being noted so that it could
later be located on the photograph of the sample
area. The sampler was a 8.5 em cylinder with an
86.7 cm? cross-sectional area. The cylinder had a
thin flexible wall which made it easy to turn down in-
to the substrate. As the sampler was being worked
into the substrate in deeper water, a dise was placed
in the upper end to prevent silt and elay from being
washed out. Once the sampler had been pushed into
the substrate, a heavy steel plate with a beveled
leading edge was forced under it. The cylinder was
then turned down further into the substrate until a
good seal was achieved, and the sample was lifted
from the water and transferred to a large enamel
tray. Sample depth varied from about 2.5 to 7.5 em
depending upon the largest pebble or cobble present.
The actual depth of sampling was determined by
measuring the substrate core that remained after
the cylinder had been removed. Steel rods were
driven into the substrate to mark the sample site
and prevent future sampling at the same location.

The sample was carefully examined for Pycno-
psyche individuals in the field. These, along with
other animals, were preserved in a mixture of forma-
lin and 70 per cent aleohol, and the species and
numbers of animals recorded. The remainder of the
sample was washed into a large-mouthed quart jar
and preserved with formalin. In the laboratory, prior
to physical sediment analysis, all field samples were
again examined for benthic organisms,

Fig. 1 and 2 show the loeations of all 59 quantita-
tive samples; only two were taken at the Ford Road
location. The sampling period began July 30, 1959
and was concluded June 7, 1960.

LABORATORY PROCEDURES

ANALYSIS OF SUBSTRATE SAMPLES. As discussed
elsewhere (Cummins, 1962), dry sieving of the entire
sample, wet sieving, and the rapid sands method are
all unsatisfactory for the analysis of poorly sorted
stream sediments. In addition, the hydrometer anal-
ysis of silts and clays is not needed. The procedure
employed consisted of first washing off the silts and
clays and then oven drying and sieving the remainder.
The aqueous mixture of silts and clays was allowed
to stand; after the silts had settled, the clays were
removed by decantation and centrifugation. This
provided a series of 13 size fractions which were
weighed individually.

A special elutriation device was used for remov-
ing silt and clay fractions from substrate samples;
it also permitted recovery of macroinvertebrates un-
detected in two hand sortings. The elutriator (Lauff,
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et al., 1961), consists essentially of a large tube pro-
vided with water and compressed air inlets at the
bottom. A drain spout, opened and closed by a
plunger arrangement, is located in the lower portion
of the tube. After a sample is introduced and the
tube is filled with water to a selected level, the addi-
tion of compressed air agitates the sample and puts
all light materials in suspension. When the air has
been turned off and the appropriate, empirically de-
termined settling time has elapsed, the silt, clay, and
animals in suspension above the drain spout are
tapped off through a 1 mm mesh sieve.

The water containing silt and clay, collected be-
low the elutriator drain spout, was emptied into one
of a bank of four all-glass aquaria. This agitation,
settling, and tapping off procedure was repeated from
four to 20 times depending upon the amount of silt
present in the sample. An estimate of the silt and
clay components of the sediments was obtained by
allowing the silt component to settle. Then the water,
with clays still in suspension, was siphoned through a
Foerst plankton centrifuge. After all washings had
been settled in the glass aquaria and siphoned
through the centrifuge, the residues in the elutriator
(very fine sand and coarser) and in the aquaria (silt)
were washed into small trays. The clay was removed
from the centrifuge cup with a spatula and placed
in a weighed container. Both the trays and eclay
containers were then oven dried. Following oven
drying at 40°C, the coarse sediments were dry sieved
and the silt was scraped into a weighed container.
Once the silt and elay fractions had reached room
temperature their weights were obtained by dif-
ference. The dry sieving of the larger sediments
revealed that elutriation of the samples did not re-
move all the silt. Thus, a small amount of silt re-
covered in the dry sieving of each sample was later
added to the weight of silt obtained by washing.
Microscopic examination of washed silt fractions
indicated only very slight contamination with very
fine sand.

Dry sieving of the coarse substrate portion (¥s
mm and greater) of each sample involved the use of
a mechanical shaker and nine Tyler sieves with the
following openings: 16, 8, 4, 2, 1, 3%, %, % and
146 mm. In addition, two single squares of heavy
wire were constructed with 64 and 32 mm openings.
The weights of 13 size categories, including silt
(washed portion plus that passing through the 46 mm
sieve) and clay, were determined for each sample.
Weights of each particle size fraection were de-
termined to the nearest 0.01 gm.

A particularly difficult problem in the physieal
analysis of stream substrates concerns material in the
general category of aquatic vegetation and organie
debris (e.g. leaves and sticks). Substrates which are
predominantly gravel or pebbles contain only small
amounts of this material, primarily in the form of
periphyton. Most of the periphyton was removed
from substrate samples with forceps during the
second examination for bottom fauna or after the
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elutriated residue had been dried. Usually, the or-
ganic matter picked from pebble or gravel samples
was weighed with the silt fraction. However, in a
few cases the material was dried and weighed to the
nearest 0.01 gm; the values obtained were quite small.
Much of the fragmented organic matter found its
way into the silt fraction due to slow settling veloei-
ties.

The problem of organie material was more serious
in silty samples which usually contained large amounts
of debris and aquatie vegetation. Although pieking
with forceps removed a great deal of this material,
significant amounts were included in the silt fraction
(fragments which settled at least as slowly as silt)
and even the larger size categories (fragments heavier
than silt). The vegetation and debris removed with
foreeps from these silty samples was also dried and
weighed.

Size frequency plots showing the weights of the
size fractions, expressed as percentage of the total
sample weight, were drawn for each quantitative
sample. The organic fraction, when not included
with the silt, was plotted as a bar and also represents
a per cent of total sample weight. In addition, the
median diameter in phi units (Mdg) was determined
for each sample from cumulative per cent plots.

PHOTOGRAPHIC ANALYSIS. In order to evaluate
the amount of organic debris and vegetation present
at the substrate surface and nature of the uppermost
sediments, a photographic technique was devised.
This analysis of stream bottom photographs involved
the projection of a color transparency onto a grid
consisting of 442 squares, each 25 mm on a side.
Once the color slide was centered within the grid and
the projector properly foeused, nine sharp pointed
dividers, marked according to particle sizes, were
adjusted to the scale of the picture by setting each
divider to the proper mm opening as measured on the
projected image of a scale marker. The mineral
particle size categories corresponded to sieve sizes
used in the physical analysis and were as follows:
64 mm and greater, 32-64 mm, 16-32 mm, 8-16 mm,
2-4 mm, 1-2 mm, and less than 3% mm. The dividers
were set to the lower limit of each size range and any
particle which fell between one and two divider
intervals was counted in that partieular size class.
To make the measurements as comparable to sieve
analysis as possible, the least diameter of particles
was measured. Grid analysis also included a non-
mineral category, subdivided into periphyton, higher
aquatic plants, and organic debris.

Each square on the grid was examined and the
particle size or other category which was judged to
be most abundant by area was recorded. The scale
marker, Pycnopsyche individuals, and other stream
animals filled some of the squares in each sample.
Oceasionally squares could not be read hecause of
reflections or shadows. Following a grid analysis,
the width of a grid square, measured in millimeter
units of the photograph, was recorded to permit the
caleulation of the total area of the hottom photo-
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FAUNA

FAUNA AND DEBRIS

CLAY SILT

SELECTION OF SAMPLE SITE
(TRANSECT, SELECTION, OR BIASED)

PHOTOGRAPH STREAM SUBSTRATE

$
MEASURE: WATER DEPTH,
WATER TEMPERATURE AND
CURRENT VELOCITY

|
TAKE SUBSTRATE SAMPLE
(CYLINDER SAMPLER)

PRESERVE ¢——————— SORT FOR BOTTJOM FAUNA

PRESERVE SAMPLE

SORT FOR BOTTOM FAUNA;

REMOVE ORGANIG PERIPHYTON, v
PRESERVE +———————VASCULAR AQUATIC PLANTS

ELUTRIATION
PRESERVE ¢—————————— SCREEN TO CATCH FAUNA
FAUNA

WASH OFF SILTS AND CLAYS

CENTRIFUGE OUT
CLAYS !
DRY AND WEIGH DRY AND WEIGH

— o - — e — — - e . e v o me e o —

GRID

ANALYSIS

v

DRY AND SIEVE
VERY FINE SAND
AND COARSER

WEIGH SIEVED
FRACTIONS

v
DRY AND WEIGH

SIZE FREQUENCY CURVE,
MDy VALUES AND
ORGANIC MATERIAL

AS BARS

ORGANIC SEPA-
RATELY OR
WITH SILT
SIZE FREQUENCY CURVE,

MD¢y VALUES AND ORGANICd————-—
CATEGORIES AS BARS

F16. 3. A summary of procedures employed in the analysis of quantitative field samples.

graphed as well as the portion of the picture repre-
senting the surface area actually sampled by the
metal eylinder. The number of squares designated
as each particle size or other category was totaled
and a size-frequency distribution plotted with the
non-mineral categories represented as bars. Be-
cause of the subjective nature of the method, a num-
ber of samples were counted more than once. The
reproducibility of results obtained by the grid anal-
ysis method was fairly good. The greatest dif-
ference between categories in successive counts that
was encountered was 8.4 per cent. A flow sheet,
summarizing the field and laboratory procedures
followed in quantitative sampling is given in Fig. 3.

LIFE HISTORIES STUDIES, Several hundred rear-
ings to the adult stage established the specific nature
of the P. lepida and P. guttifer case types. These
adults were reared under two sets of conditions.
Larvae reared during July, August and September of
1958 and 1959 were isolated by case type and kept

in small screen cages set in an experimental running
water system (Lauff and Cummins, 1964a). Animals
collected from Oectober 1959 through August 1960
were kept in a 1 sq mefer metal tank covered with a
sereen enclosure. The larger tank and enclosure
were adopted in an attempt to rear P. lepida and
P. guitifer through several generations. The tank
was provided with two substrate types: a sand-gravel-
pebble section and a silt-debris-aquatic vegetation
section. Compressed air was used to aerate the
water and maintain some water currents. Although
larvae were not isolated by case types, the section
of tank selected for pupation was different for each
species and empty pupal cases were collected as
adults emerged. The adults reared in the laboratory
were supplemented by field collections made by light-
trapping, and both sources yielded information
concerning emergence periods of the two species.

A major problem in the present study was the
species identifieation of Pyenopsyche larvae prior to
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the latter part of the terminal instar. It was compli-
cated by the failure to rear “known” larvae from
the eggs of either species. As an alternative, ex-
tensive collections were made in an attempt to sep-
arate larval groups, by morphology and behavior,
which could be followed through time until case type
and habitat selection became determinate. The anal-
ysis of these collections involved three sets of meas-
urements.

(1) Case type. Measurements were made of total
case length, length and position of the sand section,
length of leaf and/or stick portion, and length of
“balance sticks” if present. Based on these measure-
ments the case was designated as sand, leaf and/or
stick, or mixed, according to the following limits:

a) sand—34 or more of the case length construected
of sand grains,

b) leaf and/or stick—14 or less of the case length
constructed of sand grains, and

¢) mixed—materials mixed throughout the case,
or sand portion between 34 and 14 of the case
length.

The 34 and 14 limits were based on previous meas-
urements which indicated that they would separate
full grown P. lepida and P. guttifer larvae.

(2) Larval age. Three measurements were made
on each larva to aid in the determination of the
instar. Total larval lengths were measured since
other studies on limnephilid caddisflies had used this
increment as a measure of age. This measurement
on preserved larvae proved unrealiable because of the
variation in the shrinkage of soft parts. Two meas-
urements were made on the head capsule, the width
of the labrum at its middle, and the width of the
frontoclypeus at its apex. Measurements were made
with an ocular micrometer and converted to microns.

(3) Setae of the first abdominal sternite. The
setae on the first abdominal sternite were counted
and observations were made on the variations in setal
size and distribution. This character had been sug-
gested by Oliver Flint (Dept. Ent., Cornell Univer-
sity, personal communication) as a means of separat-
ing full grown P. lepida and P. guttifer larvae and
it was hoped that comparative differences could be
found in all instars.

Twenty-eight larvae, collected in conjunetion with
qualitative sampling, were raised individually in
250 ml beakers. Each beaker was provided with a
2 em sand-gravel substrate (equal volumes of 4, 2,
1, %, %4, and ¥ mm sizes). In addition, sticks, dead
leaves (Saliz, Populus, Cornus, Alnus and Quercus),
stalks of Elodea canadensis, and small masses of
Oedogonium were periodically added to each beaker.
Careful notes were kept on the disposition of these
food and case building materials. Inerements in case
length, including the materials used, and ingestion of
dead leaves, Elodea, and algae were recorded at two
to seven day intervals from February 2 to July 24,
1960. Periodic inspections were made for cast larval
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skins. Labrum width, frontoclypeus width, and setal
number were measured on these cast skins. The
larvae passed through from one to three instars
during the study period.

BEHAVIOR EXPERIMENTS. In order to investigate
the nature of substrate responses, P. lepida and P.
guttifer larvae were subjected to a series of experi-
ments conducted in a laboratory stream with graded
substrates. Since the experimental apparatus and
results have been deseribed in detail elsewhere (Lauff
and Cummins, 1964a, 1964b) only a brief description
will be given here. The flowing water system was
composed of two fiber glass troughs, arranged one
above the other, and a reservoir. A eentrifugal pump
was used to raise water from the reservoir to the
upper trough and water flowed through glass wool
filters before being returned to the reservoir. The
aquarium room which housed the model stream was
kept at outdoor temperatures most of the year. Dur-
ing the summer a cooling unit was employed to
maintain the water temperature in the range from
21°C to 25°C. With this arrangement water tem-
peratures approximated those in Fleming Creek
during periods of experimental work. Substrate
material, sorted into eight particle size categories,
16, 8, 4, 2, 1, %, % and % mm, was placed in
aluminum trays designed to fit tightly into the ex-
perimental stream. At each end of the series of eight
substrate trays, a tray covered with aluminum sereen
provided a buffer zone from the aluminum sereen
barriers which prevented escape from the experi-
mental area. Thus, animals merely selecting the
upstream or downstream ends of the enclosure were
not in a substrate tray. A current velocity of 3 em
per sec. was maintained during experiments. Larvae
of each species used in the experiments were divided
into two groups which were used alternately in each
of three arrangements of the substrate trays. These
three tray arrangements consisted of two graded
series, one with the largest particle size upstream
and the other with the largest size downstream, and
one series with the particle sizes alternated. Addi-
tional experiments were conducted to evaluate the im-
portance of learning in the observed substrate re-
sponse and to determine the importance of light in
substrate selection. The role of silt in modifying
substrate responses was also investigated by using a
system of half-trays. One half of each particle size
was covered with a skim of silt 3% mm thick.

Further experiments were conducted in the model
stream to investigate the substrate responses of young
P. leptda larvae and terminal instar individuals en-
gaged in case building. The selection of organie
debris and empty larval cases by full grown P.
guttifer larvae was also evaluated.

Several experiments concerned with the responses
of larvae to different current velocities were con-
ducted over a constant substrate of fine sand which
had been mixed with the resin used to coat the bottom
of the model stream. A current gradient was set up
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with the aid of two trough-length partitions ar-
ranged in a “V” with the point open. Current
velocities increased toward the constriction and were
measured with a current meter or computed at a
given point, using volume of flow and eross sectional
area.

A large number of behavior experiments served
to elucidate the nature of case building as an im-
portant factor determining the microdistribution of
Pycnopsyche larvae. The majority of these experi-
ments were designed to provide information on the
selection of case building materials. The larvae were
induced to construct cases either by removing them
from their original ease or by removing a portion of
it. During ease building, the larvae were placed in
containers with mixtures of various materials in
known quantities—numbers, volumes, or weights.
Many experiments of this type with P. lepida larvae
were concerned with the intensity of selection for 1
mm particles when they were presented with larger
and/or smaller sizes. A few experiments involved
the relationship between case building and burrowing
in full grown P. lepida larvae and some followed the
progress of case building over long periods of time
with a complete range of building materials available
to the animals,

"~ All behavior experiments were conducted under
one of three temperature regimes: outdoor tempera-
tures of the particular season (aquarium room men-
tioned above), a constant temperature of 20°C, or
room temperature which varied from 18°C-25°C.
Experimental light conditions were complete dark-
ness, normal photoperiod or constant subdued illumi-
nation.

LIFE HISTORY AND TAXONOMY OF
PYCNOPSYCHE LARVAE

AGE oF LARVAE AND SETAL NUMBER

Although full grown larvae of P. lepida and P.
guttifer from Fleming Creek are readily separated
on the basis of ecase type, as verified by several
hundred rearings, the young larvae construet similar
cases. Therefore, other differences were sought for
distinguishing species of young larvae in order to
determine if their microdistributions actually over-
lapped. No reliable characters have been recognized
for separating species of Pycnopsyche larvae (Ross,
1944) although Flint (Dept. Ent., Cornell Univ.,
personal communication) has suggested that terminal
instar larvae of P. lepida and P. guttifer can be
separated using the number of setae on the first ab-
dominal sternite. A setal number of 40 appears to
be the dividing line between terminal instar indi-
viduals of P. lepida and P. guttifer. TFig, 4 shows
the relationship between the number of setae on the
first abdominal sternite and larval instar as de-
termined by measurements of labrum width. Labrum
widths readily separate the 324 larvae examined into
four age groups. These have been designated rela-
tive to the terminal instar (T), with preceding instars
considered as terminal minus one or T —1, T —2, ete.
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There are apparently no breaks in setal number
along species lines until the last instar, and even
here three intermediates were found, and a fourth
larva that demonstrated a P. guitifer setal number
but had other characteristics of P. lepida. A dis-
tinetion has been made in Fig. 4 between young larvae
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F16. 4. Increase in setal number with labrum width
of 324 Pycnopsyche larvae from qualitative field samples.

collected prior to January 30-31, 1960 and those taken
from that date until April 3, 1960 when all larvae
collected were in the terminal instar. When the
data are plotted this way, two overlapping groups
are visible within the T -1 instar. The larvae
collected January 30 and later fall in the lower half
of the setal range and the upper portion of the
labrum range (P. guttifer), while those collected
prior to this date are limited to the upper three-
quarters of the setal range and are spread over the
entire range of labrum widths (P. lepida).

HapiraT AND CASE TYPE

The case types and habitat of 324 larvae from
qualitative collections are shown in Fig. 5; the col-
lections have been separated by date and the larvae
grouped by instar. The two February collections and
the April, May, and June collections have been com-
bined, since the results obtained on any one date in
either of these two groupings were not significantly
different. Undoubtedly, some T —3 instar larvae
were in the stream on November 8 and again on
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HABITAT TYPE AND LARVAL

Fia. 5. Case type and habitat of 324 larvae from
qualitative samples grouped by instar and collection
date.

INSTAR

January 10 (and possibly December 19), but were
overlooked in collecting. However, the absence of
instars T —3 and T —2 in the December collections,
as well as a later appearance of last instar P. guttifer
larvae, leads to the conclusion that the eggs of this
species hatch well after those of P. lepida. On the
basis of this disecrepancy in age distribution with time,
a probable line of species separation has been drawn
for the three subterminal instars (dashed line). This
line of separation has also been drawn through the
last instar (solid line), but essentially on the basis
of setal number. In only three instances do terminal
instar larvae fall in the same case-habitat type on a
given date. In all of these, larvae determined as
P. guttifer by setal count appeared in groups of
P. lepida larvae.

The comparison of ease types shown in Fig. 5
demonstrates that young P. lepida larvae use organie
material in case construction. Over half of these
organic cases, collected prior to January 30, had
been constructed entirely of leaf material and the
remainder contained various amounts of stick ms-
terial. There was a trend toward increased stick
construction among these larvae since 90 per cent
of the leaf cases appeared in the November collec-
tions. It is also evident that there is a trend among
P. lepida larvae toward increased mineral case con-
struction with age. However, the sand case type
of P. lepida becomes diagnostic only in full grown
terminal instar larvae (April and later). Terminal
instar larvae of P. guttifer had eases constructed
primarily of stick material as did all subterminal in-
star larvae collected January through March. Where-
as P. guttifer larvae construct cases primarily of
stick material in all instars, P. lepida larvae shift
from leaf to stick to mineral case construetion with
age. Concurrent with the shift from organic to
mineral case construction is a shift in habitat prefer-
ence (Fig. 5).

All the P. lepida larvae collected on May 21 and
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June 7 were burrowed into the substrate; three of
these were found burrowed into a large root mass in
a slow-water, silt-bottom pool while all the rest were
burrowed into gravel. All the P. guitifer larvae
collected June 7 were attached to the substrate, pri-
marily to sticks, and were immobile.

GROWTH STUDIES

Data obtained on the growth of P. guttifer larvae,
three of which were collected on January 31 and the
remainder on February 17, 1960, provided additional
support for species separation as shown in Fig. 4 and
5. All ten larvae were either in the T —1 or T —2
instar when collected. Nine of them reached terminal
instar and had setal numbers of 40 or less, placing
them within the P. guttifer range. The T —1 larvae
had a range in labrum width of 425 to 527 mierons
and a setal number varying from 12 to 22 (Fig. 6).
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Fie. 6. Increase in setal number with labrum width
of 10 P. guttifer larvae showing molting dates at 20°C.

{17 MICRON INTERVALS)

These limits are essentially the same as the ranges
(labrum 442-527; setae, 12-22) of all T —1 instar
larvae collected in the qualitative field samples on
January 30 or later (Fig. 4). It appears that P.
guttifer larvae first hatch sometime in December or
early January when the great majority of P. lepida
larvae are already in the terminal instar.

The growth studies also indicated that the length
of the T —1 instar of P. guttifer was two to three
weeks at 20°C. However, culture temperature was
15 to 18°C ahove stream temperatures in February
and March. Neither of the two individuals still
alive when the experiments were terminated on July
24 had pupated; they had been in the terminal instar
about three months at 20°C.

On the basis of the information provided by the
qualitative collections and the growth studies, five
criteria were established for separating P. lepida
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TaBLE 2. Criteria for the separation of P. lepida and P. guttifer larvae of a given instar.

Labrum width Collection Setal Case
Species in microns Instar dates number type Habitat type
P. lepida 170-187 T-3 Oct. - Nov. 4 Leaf Silt-debris
238-306 T-2 Nov. 59 Leaf Silt-debris
Leaf-stick,
374-544 T-1 Nov. - Deec. 16-31 mixed, sand Silt-debris; gravel
Leaf-stick
Terminal Nov. - Aug. Greater mixed, sand Silt-debris; gravel
646-799 than
(Full grown) | Feb. - Aug. 40 Sand Gravel: burrowed
P. guttifer 136° T-3 Dec. - Jan. 6 Stick-leaf | Silt-debris
255-306 T-2 Jan. - Feb. 6-8 Stick Silt-dedris
442-527 T-1 Jan. - Mar. 12-22 Stick Silt-debris; gravel
Terminal Jan. - Sept. Less Stick Silt-debris
680-833 than
(Full grown) | May - Sept. 40 Stick Silt-debris: attached
° Based on only one individual.
and P. guttifer larvae. The criteria are: larval DATA ON MICRODISTRIBUTION FROM

instar as determined by labrum width, date of collec-
tion, number of setae on the first abdominal sternite,
case type, and habitat (Table 2).

QUANTITATIVE SAMPLES: SPECIES IDENTIFICATION

Pycnopsyche larvae and cases collected in quanti-
tative field samples were subjected to the same series
of measurements made on larvae taken in qualitative
collections. The pupae collected in samples 15, 18,
20 and 21F were all identified as P. lepida by the
genital structures formed beneath the pupal skin.
In these instances, measurements were made on the
head sclerites of the cast larval skins and on the
pupal cases.

Larvae from quantitative fleld samples were
identified to species using the eriteria for separation
summarized in Table 2. Thirty-two larvae and four
pupae taken in 21 substrate samples were determined
as 21 P, lepida larvae and pupae, and 15 P. guttifer
larvae. P. lepida individuals were divided into two
general groups; full grown terminal instar larvae and
pupae (nine animals in eight samples), and sub-
terminal and non-burrowing terminal instar larvae
(12 animals in six samples).

Samples 33A, 34C, and 35E, which were part of
transect number 1 (F'ig. 2), consisted of photographs
without actual substrate samples, the larvae being
hand picked from the area photographed. All four
larvae from these samples were P, lepida.

Samples 39A and 39B constituted a special case.
Although no larvae were taken in either substrate
sample, six were collected within the photographic
flelds of the two samples; four P. lepida larvae were
collected in the 39A fleld and two P. guitifer larvae
in the 39B field. The six larvae were included in the
qualitative collections dated January 30 and 31,
1960. However, their proximity to actual substrate
samples warranted special attention, so they were
also treated as quasi-quantitative collections.

FIELD SAMPLES

SUBSTRATE PARTICLE SIZE

The quantitative field samples have been grouped
on the basis of the Pycnopsyche contained: P. lepida
pupae and burrowing larvae; P. lepida non-burrow-
ing larvae; P. guttifer larvae; and samples eontain-
ing no Pycnopsyche. Both photographic and sieve
analyses of substrate particle size were made on all
but the last group. The phi (g#) system (Table 1)
has been utilized to simplify the presentation, and
median diameters in phi units (Mdg) have been in-
cluded with each size-frequency plot. Three char-
acteristics, predominant (peak) particle size, Mdg,
and the general shape of the curve, have been used
to describe a particular substrate.

SAMPLES CONTAINING P. lepida. The substrate
curves, determined by weight analyses, of the eight
samples which contained P. lepida pupae and bur-
rowing larvae are shown in Fig. 7 (solid lines). All
the curves are of the same general shape with peaks
at either phi —3 (8 mm) or phi —4 (16 mm) in the
coarse gravel-small pebble range (Table 1). The
median diameters vary from phi —1.6 to —3.1, a
range of 1.5 units. Only trace amounts of vegetation
(including periphyton, higher aquatic plants, and
debris) were encountered in the samples. When the
samples containing pupae (including sample 15)
were averaged and compared to the samples con-
taining burrowing larvae, they were not significantly
different as determined by the K-S test (Kolmor-
gorov-Smirnov one-sample test; Siegel, 1956);
photographic analyses of the same samples (Fig. 7,
broken lines) indicate a wider range in pesk particle
size of phi —1 (2 mm) to phi —3 (8 mm) with no
samples showing peaks in the small pebble range.
Median diameters cover a range of 1.3 phi units,
from —1.0 to —2.3. In contrast to the weight
analyses, periphyton counts were fairly high, ranging
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F1q. 7. Substrate particle size and photographic
analyses of quantitative field samples containing P.
lepida pupae and burrowing larvae. Physical analysis,
solid lines; photographic analysis, broken lines (phi 2
and greater combined).

from 7 to 42 per cent. Only sample 15 contained
vascular aquatic plants and five of the eight samples
showed small amounts of debris (less than 6 per
cent).

The seven substrate samples which contained
young, non-burrowing P. lepida larvae, including
quasi-quantitative sample 39A, fall into two groups
(Fig. 8, solid lines). Samples 29 and 31 have a peak
particle size in the silt category with median diameter
values of 5.2 and 4.7, respectively. Both samples
contained large amounts of vegetation (2.5 and 5
per cent by weight). The remaining five samples
have peak values in the coarse gravel-pebble range,
phi —3 (8 mm) to phi —5 (32 mm), and median
diameter values of —1.6 to —4.3 or a range of 2.7
phi units. These latter curves are quite similar to
those for pupae and burrowing larvae shown in
Fig. 7.

Photographic analyses of the nine samples con-
taining non-burrowing P. lepida provided important
data on the substrate surface (Fig. 8, broken lines).
The analyses included three samples which consisted
of photographs only (33A, 34C, and 35E), but sam-
ple 39A was omitted since no photograph was avail-
able. As in the physical analyses, samples 29 and
31 differed from the remainder. The particle size
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Fia. 8. Substrate particle size and photographic
analyses of quantitative field samples containing non-
burrowing P. lepida larvae. Physical analysis, solid
lines; photographic analysis, broken lines (phi 2 and
greater combined).

PARTICLE SIZE OR NON-MINERAL CATEGORY AS % TOTAL

peaks of these two samples are in the fine sediments
with phi median diameters of 1.2 and greater than 2
respectively. However, in both cases, more than 90
per cent of the grid squares were rated as non-
mineral categories, with periphyton, higher aquatic
plants, and debris all being abundant. The remain-
ing seven samples have peaks which range from phi 1
(¥4 mm) to phi —4 (16 mm). Periphyton was
abundant in these samples but vascular plants and
debris were either absent or present only in small
amounts. Samples 34C and 35E have two peaks, one
in the coarse sand and another in the gravel and
pebble ranges.

SAMPLES CONTAINING Pycnopsyche guttifer. The
eight samples that contained P. guttifer larvae
(Fig. 9, solid lines) have peak particle sizes which
range from phi 3 (Y8 mm) to phi —6 (64 mm).
Median diameters vary 8.0 phi units, from 3.4 to
—4.6. The five samples with peaks in the gravel-
cobble range have fairly strong secondary peaks in
the fine sand or silt categories. Samples 52, 53, and
58 have strong peaks at phi —5 (32 mm) and phi
—6 (64 mm; sample 58) due to one or two large
particles. Sample 53 contained one pebble and
sample 58 one cobble which constituted 49 and 80.5
per cent of the total sample weight respectively; two
pebbles in sample 52 made up 74 per cent of the
sample weight.

Photographic analyses of the samples that con-
tained P. guttifer larvae (Fig. 9, broken lines) show
peaks in the fine particle sizes to a greater degree
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NON-MINERAL CATEGORIES AND PARTICLE SIZE (PHI UNITS)

F1e. 9. Sutstrate particle size and photographic
analyses of quantitative field samples containing P.
guttifer larvae. Physical analysis, solid lines; photo-
graphic analysis, broken lines (phi 2 and greater com-
bined).

than the substrate curves (Fig. 9). Of the seven
samples (no photograph was available for sample
39B shown in Fig. 9), five have peaks at phi 2 and
greater (% mm and less). The two remaining sam-
ples have peaks at phi —1 (2 mm) and phi —5
(32 mm). Median diameters vary from greater than
2 to —1.7, or a range of more than 3.7 phi units.
However, in all cases the non-mineral categories con-
stituted the great majority of the sample. The most
abundant non-mineral category was periphyton with
values ranging from 16.5 to 62.4 per cent. All seven
samples contained organic debris, but only three
samples had squares rated as vascular plants.
SAMPLES CONTAINING NO Pycnopsyche. Substrate
curves of the 36 samples which contained no
Pycnopsyche individuals have not been included but
have been given elsewhere (Cummins, 1961). The
great majority of the samples (30 samples) had
peaks in the coarse gravel-pebble range at phi —3
(16 samples), phi —4 (six samples), and phi —5
(eight samples). The remaining six curves had peaks
at phi 3 (one sample), phi 0 (one sample), phi —2
(two samples) and phi —6 (two samples). The
median diameter values of the 36 samples cover a
wide range from 3.6 to —5.2 or 8.8 phi units. In
general, these samples are similar to the gravel-
pebble samples with P. lepida pupae and burrowing
larvae (Fig. 7), and those with non-burrowing P.

KenNerH W. CuMMINS

Ecological Monographs

Vol. 34, No. 8
lepida larvae (Fig. 8), except samples 29 and 31.
Many of the non-Pycnepsyche samples were taken in
areas which were judged to be promising collection
sites for P. lepida burrowing larvae.

MEAN CURVES, All the substrate data obtained
from quantitative colleetions, grouped in the four
categories discussed above, have been averaged (Fig.
10). When the data are combined in this manner,
the general differences between groups of samples is
illustrated as well as the similarity between physical
and photographic analysis. The importance of the
additional information provided by the photographic
technique or organic substrate materials is also
emphasized. Since photographic analyses were not
made of the 36 samples that contained no Pycno-
psyche larvae, only the average of sieve analyses is
given in Fig. 10.
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F1e. 10. Mean substrate and photographic curves

and phi median diameters for quantitative field samples
containing P. lepida, P. guttifer and no Pycnopsyche.
Physical analyses, solid lines; photographic analyses,
broken lines (phi 2 and greater combined).

CURRENT VELOCITY

Table 3 presents the mean current velocities and
ranges of current velocity associated with field sam-
ples grouped according to Pycnopsyche contained.
As before, samples 29 and 31 have been treated
separately on the basis of sediment type.

Despite the differences between average current
velocities for each of the five groups of samples
separated according to the Pycnopsyche larvae they
contained, all groups had overlapping values. The
current ranges within each group are much broader
than are the substrate ranges. A very poor relation-
ship between current velocity and phi median di-
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TABLE 3. Mean current velocities and ranges of
current velocity associated with field samples grouped
according to Pycnopsyche contained (em/sec).

Pycnopsyche Mean current Range of
contained velocity current velocity

P. lepida pupae

and burrowing

larvae 8.7 3.0-19.5
P. lepida non-

burrowing larvae

(samples 29, 31) 6.0 4.5-7.4
P. lepida non-

burrowing larvae

(gravel samples) 13.8 6.3-15.8
P. guttifer larvae 3.5 1.96.6
No Pycnopsyche 10.0 2.0-25.4

ameter of a substrate sample was demonstrated (Fig.
11).

Foop oF LARVAE

Data were gathered on food materials ingested
by larvae in laboratory cultures and the econtents of
digestive tracts of larvae taken in quantitative field
samples were analyzed. The gut analysis was aec-
complished by the technique of Mecom and Cum-
mins (1964) using millipore filter mieroanalysis
apparatus.

Food materials eaten by P. lepida and P. guttifer
larvae during laboratory growth studies were dead
leaf material (Saliz, Populus, Alnus, Cornus, and
Quercus), filamentous green alga (Oedogonium), and
stalks of Elodea canadensis. These were provided in
aquaria in roughly equal amounts. Both species were
observed to have eaten dead leaf material most fre-
quently, intermediate amounts of Oedogonium, and
Elodea leaves least frequently.

The digestive tracts of all the Pycnopsyche larvae
from the quantitative field samples and a number
from the qualitative collections were analyzed. The
relative amounts of various food categories ingested
by different instars of Pycnopsyche larvae were de-
termined (Table 4). Diatoms, green algae, vascular
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of substrate samples and current velocity at sample
site (2.5 em above substrate).

plant fragments and animal fragments have been
ranked according to relative abundance. Burrowing
P. lepida larvae and attached P. guttifer larvae
possessed digestive tracts greatly reduced in diameter
and were free of food material. Terminal instar
P. guttifer larvae, which were not fastened to the
substrate when collected, contained primarily vascular
plant tissue. The T —2 instar P. lepida larvae also
contained primarily plant tissue. The digestive tracts
of subterminal and non-burrowing terminal instar
P. lepida contained large numbers of diatoms (pri-
marily Gomphonema).

DATA ON MICRODISTRIBUTION FROM
LABORATORY EXPERIMENTS
Laboratory experiments were designed to investi-
gate three aspects of behavior relative to the nature
of the substrate: (1) particle sizes selected by full

TABLE 4. Relative amounts of various food categories in the digestive tracts of Pycnopsyche larvae ranked

according to abundance.

Food Materials
Species Instar Vascular Animal
Diatoms Green algae plant fragments fragments

T (nonburrowing) 1 3 2 absent

Plegida................. T-1 1 3 2 absent
T-2 absent absent 1 absent

T (nonattached) 3 2 1 4°

P.guttifer................ T-1 3 2 1 4°

° Leptocerid pupse, hydropsychid and tendipedid larvae and Hyallela (all animal fragments very rare).
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grown P. lepida larvae for burrowing and by full
grown P. guttifer for attachment; (2) substrate
preferences of young (November-December) P.
lepida larvae and terminal instar individuals which
were either induced to build cases or kept in the dark,
and substrate preferences of non-attaching full grown
P. guttifer larvae; (3) selective nature of larval case
building both from the standpoint of materials uti-
lized under forced conditions and those selected when
a range of materials was available,

SUBSTRATE PREFERENCE AND CURRENT RESPONSES

P. lepida. The results of substrate selection ex-
periments conducted in the laboratory flowing water
system (described above) using burrowing P. lepida
larvae will be presented elsewhere (Lauff and Cum-
mins, 1964b). Under all three arrangements of the
experimental substrate trays (two graded and one
alternated series) a statistically significant majority
(p< .01, K-S test) of the larvae burrowed into
gravel and fine pebbles (phi —1 to phi —4; 2 to 16
mm). The addition of a skim of silt to one half of
each particle size did not change the pattern of sub-
strate selection.

Several experiments were conducted to study con-
ditions which might modify the observed larval bur-
rowing responses. Burrowing P. lepida larvae were
placed in all-glass aquaria with a base substrate of
phi 0 (1 mm) sand and a central petri dish con-
taining phi —3 (8 mm) gravel. All larvae introduced
on the sand substrate had burrowed into the central
gravel substrate after 24 hours. The anterior third
of half the larval cases was removed; after 24 hours
larvae in unaltered cases had burrowed into the
gravel while those in the shortened cases remained on
the sand substrate engaged in case building. Once
the shortened cases had been repaired these larvae
also burrowed into the central gravel sediment.

The effect of induced ease building was also
studied in the model stream. Terminal instar (Febru-
ary) burrowing and non-burrowing P. lepida larvae
with sand cases were introduced into an alternated
substrate tray arrangement (i.e. coarse and fine sedi-
ments alternated as described above). An initial
trial was performed with the cases unaltered, fol-
lowed by three trials in which 10 mm sections had
been cut from the front of each case. Following the
first trial no case building was apparent; half of the
larvae had burrowed into gravel-pebble substrates
(g —2, —3, —4) while the remaining larvae were
still moving after 24 hours. No larvae were re-
covered on the phi 0 (1 mm) substrate. Totals for
the three trials with shortened cases indicated a shift
to case building. All larvae recovered in the phi 0
tray (12.5%) were observed adding particles to their
cases when the trials were completed. By the termi-
nation of the third trial, all cases had been increased
in length, primarily by the addition of 1 mm sand
grains. During these three trials, 25 per cent of the
larvae burrowed into the substrate, while 62.5 per
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cent were recovered moving about on the substrate
surface.

The importance of light orientation in the bur-
rowing response was demonstrated by a series of five
consecutive trials with a group of 24 burrowing (full
grown) P. lepida larvae which were introduced into
an alternated substrate tray arrangement. In the
first trial, under conditions of normal photoperiod,
all 24 larvae burrowed into substrate trays phi —1
(2 mm) through phi —3 (8 mm). The next two
trials were conducted in the dark (i.e. with the stream
covered) and only one-quarter of the individuals
burrowed. Repetition of the experiment under
normal photoperiod light conditions produced eom-
plete burrowing and a final trial, again in the dark,
inhibited burrowing in one-half of the larvae.

Young P. lepida larvae are normally engaged in
case building and feeding and do not burrow. This
is similar to the induced case building inhibition of
the burrowing response in full grown larvae. When
young P. lepida larvae (T —2, T —1, and T instars)
having sand, mixed, or leaf cases, were introduced
into a ecoarse upstream tray arrangement, they
demonstrated no consistent substrate selection. The
only reproducible result was the avoidance of medium
and fine sand (phi 2 and 3) in all instances. How-
ever, following experiments with sand and mixed case
bearing larvae, it was determined that some ecase
building had taken place, primarily with 1 mm (phi
0) partieles.

P. guttifer. The results of laboratory stream
experiments conducted with full-grown P. guttifer
larvae will also be presented elsewhere (Lauff and
Cummins, 1964b). There was at least a 70 per cent
selection -of the 16 mm (phi —4) substrate under
all three tray arrangements. In most instances, the
larvae were found to have fastened their cases to the
pebbles. In addition to substrate selection, there was
a definite indication that movement upstream ex-
ceeded downstream movement (statistically signifi-
cant with the K-S test). More larvae selected the
16 mm (phi —4) substrate when that tray was at
the upstream end. Similarly, the 3% mm (phi 3)
substrate was selected more heavily (22%) when it
occupied the farthest upstream position and recovery
inereased in the 1 mm (phi 0) and 4 mm (phi —2)
trays when they were located at the upstream end
of the alternated arrangement. Selection for the 16
mm particle size was maintained in experiments in
which one-half of each particle size was covered by
a skim of silt.

The selection of the phi —4 (16 mm) substrate
for attachment by full-grown P. guttifer larvae was
modified by the addition of organic matter in the
form of empty larval cases or Saliz sticks. Whereas
a total of 73 per cent of the larvae had been re-
covered in the phi —4 (16 mm) substrate tray and
none in the phi —1 (2 mm) tray during the experi-
ments conducted by tray arrangement, the addition
of five empty P. gustifer cases to the phi —1 (2 mm)
tray modified these results. Only 44 per cent were
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recovered in the phi —4 (16 mm) tray, but 17 per
cent were recovered on the phi —1 (2 mm) substrate.

When a tray filled with stripped and washed
Saliz sticks was included in an alternated substrate
tray series, the change in selection was even more
striking. The majority of the larvae (809 ) were
recovered from the stick tray in three separate trials
with the tray at the middle and each end of the
alternated series. The remainder of the larvae were
recovered from the phi —4 (16 mm) substrate tray.

CURRENT EXPERIMENTS. Experiments conducted
in an open “V” shaped current gradient apparatus
failed to show any general current preference. About
one-half of the full grown P. lepida and P. guttifer
larvae which were tested moved upstream, while the
remainder moved downstream. Both groups congre-
gated at the retaining screens at either end of the
apparatus. The larvae exhibited no consistent pref-
erence for upstraem or downstream movement, nor
for fast or slow current. However, P. guttifer larvae,
as seen above, demonstrated a tendency to move up-
stream in the substrate tray experiments.

Case BuiLpiNg BEHAVIOR

A large number of experiments were conducted to
investigate larval case building behavior because of
its importance in the overall consideration of miero-
habitat selection by the two species of Pycnopsyche.
The results provided information concerning the ma-
terials used in the “typical” cases of mature larvae,
and some of the variations found in the cases con-
structed by young individuals. In addition, the range
of materials with which larvae can build cases under
forced conditions and the nature and intensity of
selection were elucidated.

Mature P. lepida larvae construct cases almost
entirely of sand grains while full grown P. gutiifer
larvae build cases primarily of stick material, often
with a few large mineral particles (1 mm and larger)
near the anterior end and with “balance sticks” ex-
tending along the sides of the case and beyond the
posterior margin (Fig. 12).

P. lepida. Analyses of five typical full grown
P. lepida larval cases were made by dissolving the
silken cementing material in 10 per cent NaOH. The
material used most frequently in case construction
was 1 mm (phi 0) sand grains, an average of 39 per
cent of the total (Table 5). In one of the larval
cases, however, the number of %4 mm and smaller
(> phi 2) particles exceeded the 1 mm (phi 0) size
category by a significant amount. The organiec ma-
terial utilized in the mature P. lepida case is usually
confined to the posterior portion of the case, and fine
mineral particles, % mm (phi 2) and smaller, are
most often employed to close the posterior end of the
case, leaving only a small excurrent pore. The pre-
dominance of organic material and fine particles
(% mm and smaller) in the posterior half of the case
is illustrated by the separate counts made on each
half of a P, lepida case (see last analysis in Table 5).

As described above, P. lepida larvae usually do
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Fig. 12. Typical full-grown larvae and cases of P.
lepida and P. guttifer. Scale in mm.

not begin case construction with sand grains until
sometime in their terminal instar (Fig. 13). Prior
to this time, cases are constructed of organic material,
primarily pieces of leaves. The early instars of P.
lepida larvae in Fleming Creek constructed cases
primarily of Saliz leaves. A Saliz leaf case is also
typical of a great many larvae early in the terminal
instar although some of the terminal instar larvae
collected in late fall have constructed mineral cases.
However, the latter differ from the typical case of
the mature larva (Fig. 12) in that construction is
quite rough and the case tapers toward the posterior
end. Based on the extensive field collections, it ap-
pears that the most frequent pattern of sand case
construction involves the addition of grains to the
anterior end of a leaf case and the removal of organie
material from the posterior end of the case. Such
addition and removal continues until at least % of
the case is composed of sand grains (Fig. 13). Ob-
servations made of case building by terminal instar
P. lepida larvae in laboratory cultures during a four-
month period (in conjunetion with growth studies)
clearly demonstrated a shift from leaf-stick ecase
construetion to sand grain case building.

Although full grown P. lepida larvae would not
construct new cases when ejected from their original
ones, they would add material to a shortened case or
a piece of plastic tubing. For example, mature P.
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TaBLE 5. Mineral and organic eomponents of five full grown P. lepida larval cases.

Mineral portion; Organic portion;
Case lengths (mm) number of particles of a number of pieces
given size (mm) (greatest length, mm)
Mineral Organic Grand
Total | Sand |Organic| 1/4 1/2 1 2 total 1/211-2 | 24 4 total total
length | length | length [ and and and and
finer larger less longer
22 16 6 39 13 37 19 108 0 36 29 16 81 189
22 17 5 111 48 76 46 281 1 25 27 5 58 339
20 18 2 25 42 109 24 200 Not measured 200
20 20 0 36 95 193 33 357 Not measured 35
20° 17 3
Anterior half 19 50 134 9 212 0
Posterior half 64 37 78 9 188 0 9 8 4 21
Total 83 87 212 18 400 421
Average numbers as %, 18 18 39 9 84 1 7 7 2 16 100

° Anterior and posterior halves of case analysed separately.

T INSTAR
BURROWING

TERMINAL INSTAR NON-BURROWING

s

Fig. 13. Terminal larval instar P. lepida cases
showing various degrees of transition to the mineral
case type. Scale in mm.

lepida larvae kept on a mixed substrate of % (phi 1),
1 mm (phi 0), and 2 mm (phi —1) particles, readily
rebuilt shortened cases, while other larvae, main-
tained on all organie substrate, added leaf and stick
material.

Evidence that P. lepida larvae are capable of
construeting cases of organic matter was obtained
when three T —3 instar P. lepida larvae, collected
over leaf litter and debris, were kept in the laboratory
on a substrate of silt, aquatic vegetation, and or-
ganic debris until pupation five months later. These
larvae had leaf cases when collected and retained
organic cases for the remainder of the larval period.
However, the cases resembled mature P. lepida cases
in form rather than the P. guttifer type.

Full-grown P. lepida larvae were also able to
carry on case construction when building material
was limited to single size classes of sand. One
larva, placed on a substrate of % mm (phi 3) sand,
added a 2 mm section of these fine grains to the

anterior end of a 12 mm portion of its original case.
Larvae placed in pieces of plastic tubing and main-
tained on mineral substrates added sections to the
front of the tube.

A series of experiments conducted with young
P. lepida larvae demonstrated their ability to con-
struet cases with both mineral and organic material.
Unlike the mature larvae, young individuals ejected
from their original cases will build entirely new ones.
No clear cut preference for organie over mineral case
building material was demonstrated, although piecez
of dead leaves were utilized more consistently. A
wide range of sand grain sizes was used by the
young larvae (3-1 mm; phi 3-0), and the greater
ulitization of 1 mm sand, typical of mature larvae,
was not apparent. The absence of a striet form for
larval cases of young P. lepida was further illus-
trated by the variation between successive cases con-
structed by subterminal instar individuals kept on
a substrate composed of equal portions of organic
and mineral materials.

A great many experiments, coupled with ex-
tended periods of observation, were conducted to
furnish information concerning the intensity of
selection for 1 mm (phi 0) particles by full grown
P, lepida larvae. Since the 1 mm particle size com-
prised less than 10 per cent of the total weight in
all field samples containing P. lepida larvae or pupae
(less than 20 per cent based on photographie anal-
ysis), it seemed that its predominance in the cases
of mature larvae was due to selection rather than
abundance in the substrate.

Larvae in shortened cases or plastic tubes were
placed on sediments of known particle size composi-
tion. These experimental substrates were prepared
so that known amounts of each particle size were
available either by number (calenlated from weights
of known numbers of particles of each size category)
or by volume. For example results obtained in two
experiments involving a full grown P. lepida larva
which was placed in a plastic tube and maintained
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on a substrate containing approximately 10,000
particles each in the %-1 mm (phi 1 and 0) size range
and the % mm (phi 2) size class demonstrated a
selection of 1 mm sand grains. The number of
particles utilized by the larva increased from the
% mm (7%) size class through the % mm (12%),
% mm (22.5%) and 1 mm (58.5%) size classes.

To compensate for a possible unequal availability
of different particle sizes when determined by num-
ber, full grown larvae were placed on substrates of
% mm (phi 2) sand with only 100 1 mm (phi 0)
particles scattered evenly on the surface. Some
typical results are shown in Table 6. Particles were

TaBLE 6. Sand grains utilized by a full-grown P.
lepida larva on a base substrate of 4 mm sand with
100 1 mm particles scattered on the surface.

Particle size
Numbers of particles added_to a plastic 1 mm 1/4 mm
tube and gathered into two aggregations (phi 0) (phi 2)
Frontring......... 24 26
Case Hind ring.......... 0 23
Aggregation No. 1.............................. 21 1
Aggregation No. 2.................coiieeinnn, 32 157
Totals. ...t 77 197
Tototal. .. ... . ... 28.1 71.9
Availability and utilization of particles 1 mm 1/4 mm
Number of particles available at the substrate
BUPBOE. .. . ..ot i 100 158,600°
Number available as % total (both sizes). . ........ 0.1 99.9
Number used as a % of the number of each size
available. ...l 7.0 0.1
Surface area covered by each particle size (mm3)....{ 78.5° 771.50°
Area covered by each size a8 %, total (both sizes). . . 1.0 99.0
The % of available surface area of each size which
wasutilised. ...l 77.0 0.5
° Calculated values,

aggregated (lashed together with silk) as well as
added to the front of a plastic tube. Along with the
numbers of each particle size utilized by the larva,
the estimated availabilities of the two size categories
have been given and the number of % mm particles
available at the substrate surface and the portion of
the surface area composed of each particle size has
been calculated. Although more than twice as many
14 mm grains were used, 77 of the 100 1 mm particles
were utilized. Thus, 77 per cent of the 1 mm sand
grains were employed in aggregations and case con-
struction even though they represented only 0.1 per
cent of the particles available at the surface, and
covered only 1.0 per cent of the substrate surface
area. This is in contrast to & usage of 0.1 per cent
of the available %4 mm particles or 0.5 per cent of
the substrate surface covered by %4 mm sand. There-
fore, either in terms of the number of particles or
the portion of the substrate surface area available,
there was an intense selection of 1 mm grains. Only
fine particles were employed in eclosing oft the
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posterior end of the tube and forming the excurrent
pore.

Similar experiments involved full-grown P. lepida
larvae placed in plastic tubes and kept in all-glass
aquaria with an evenly spaced grid of 234, 1 mm
(phi 0) particles on the surface of a base substrate
of % mm (phi 2) sand. In a typical experiment,
25.6 per cent of the 1 mm grains were aggregated
while only 0.01 per cent of the available % mm
particles were handled. The results indicated a wide
range of movement by larvae, as determined by the
disruption of portions of the grid as well as an in-
tense selection of 1 mm sand grains. In both types
of experiments some of the fine particles recovered
in the aggregations may have actually adhered to
the silken threads as the larvae lashed larger grains
together, and may not have been manipulated indi-
vidually.

Observations were made of mature P. lepida
larvae engaged in case building in a small pivoting
plastic tank especially designed for the purpose.
Case building was induced by the removal of half of
the original larval cases. Case building material
consisted of a mixed substrate of 30 ml each of % mm
(phi 3) through 4 mm (phi —2) size classes. During
observation periods, ranging from one-half hour to
two and one-quarter hours, three activities of the
larvae were recorded. These were the number of
particles handled by the larva, the number added
to the front of the case and the number of temporary
positions occupied by these latter particles prior to
final inecorporation into the case. From a total of
5% hours of observation made on four mature P.
lepida larvae it was evident that many more particles
were handled than actually became part of the case
and that each particle was placed in a number of
different positions before actually being incorporated
into the case. On the average, three times as many
particles were handled as were added to the case
and each particle was placed in at least ten different
positions before actually being incorporated into the
case. The particles handled by a larva were coated
with silken material and the selection of each particle
was preceded hy a large amount of digging in the
substrate. As those particles eventually to be added
to the case were held in various positions against the
leading edge of the case, they were turned about as
if being “fitted.” It was also observed that the larvae
were most efficient at manipulating particles of ap-
proximately 1 mm size, very large and very small
particles being dropped or rejected.

The actual numbers of particles in each size class
utilized by full-grown P. lepida larvae kept in the
observation tank were counted (Table 7). These
larvae were placed on the volumetrically mixed sub-
strate described above. The peak of utilization was
again the 1 mm (phi 0) particle size (45.6%) with
larger and smaller sizes being used with decreasing
frequency.

P. guttifer. Observations made on case building
by ten P. guttifer larvae (growth studies) showed a
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TaBLE 7. Particles utilized by full-grown P. lepida lavae, in shortened cases, on a mixed substrate of 14-4 mm

particles (30 ml each).

Number of particles utilized
Duration of Length of case hi 3 phi 2 phil phi 0 phi—1 phi—2
experiment (days) added (mm) (1},8 mm) (1/4 mm) (1/2 mm) (1 mm) (2 mm) (4 mm)
) 10 7 3 25 48 7 0
oo, 10 1 1 3 30 25 0
N 7 5 19 35 44 6 0
L 4 4 10 10 19 10 0
S 2 0 2 6 6 2 0
1o 2 1 1 3 9 4 0
) 7 5 7 25 54 12 0
B e 6 5 7 18 25 11 0
Totals. .. ... 28 50 125 235 77 0
Gototal. ..o e 5.4 9.7 24.3 45.6 15.0 0

transition from either equal or primary use of leaf
material to the predominant use of stick material in
case construction. In general, the change to stick
construction accompanied the beginning of the termi-
nal instar. Qut of five larval cases which contained
sand portions at the beginning of the experiments,
only one retained any sand in the terminal instar case
(one to four months later).

The ability to build with mineral particles was
demonstrated by terminal instar P. guttifer larvae
which were placed in shortened cases and mainiained
on s sand substrate. One larva, which remained on
a 1 mm (phi 0) substrate for five months added
about 5 mm of sand grains to the front of its case.

The results of case building experiments with
full-grown P. guttifer larvae in shortened cases indi-
cated a preference for organic material, especially
sticks; when both mineral and organic material was
provided, the latter was selected. Sticks were used
to a greater degree than leaf material when both
were provided. When sticks were the only organic
material provided, utilization was complete.

INTERPRETATION OF RESULTS

The overall objective of the present investiga-
tion was to delineate the factors determining the
microhabitat selection of P. lepida and P. guttifer
throughout their larval periods by employing sam-
pling and experimental techniques, along with ex-
tensive field observations. A reasonably compre-
hensive picture of habitat selection can now be pro-
vided for both species.

The emergence periods of the two species in
Fleming Creek are not concurrent, as evidenced by
both field collections and laboratory rearings, P.
lepida emerging in July, August, and early Septem-
ber, and P. guttifer in late September and October.
Contact between adults of the two species seems
unlikely because individuals reared in the laboratory
never lived more than ten days. However, records
provided by Leonard and Leonard (1949) for the
state of Michigan indicate an overlap of emergence

periods in August, September, and October. No eggs
were found in the field, but several gelatinous egg
masses were discovered below the water surface and
adult fmales were often seen submerged in laboratory
cultures. It is generally held that limnephilid caddis-
flies deposit their eggs out of the water, on soil, or
vegetation (e.z., Ross, 1944 and Flint, 1956). The
oviposition sites of P. lepida and P. guttifer are also
probably terrestrial since the eggs recovered in the
laboratory did not hatch and might have been de-
posited abnormally.

The early larval instars of both species in Flem-
ing Creek are spent primarily in slow-water, marginal
areas on substrates of silt, aquatic vegetation, and
organie debris. They do not oceur in these areas con-
currently for any great length of time. The prior
emergence and oviposition period of P. lepida estab-
lishes larval populations as early as September,
Qualitative field eollections indieated that populations
of young P. guttifer larvae first appear in early
December. This means that by the time most P.
guttifer larvae have hatched, the great majority of
P. lepida larvae have reached their terminal instar,
and all individuals have at least attained the penulti-
mate larval instar.

Information concerning preterminal instars (T-3
through T-1) of P. lepida established their seasonal
period of activity as September through early Janu-
ary. T-3 instar larvae were collected only in slow
water, marginal areas of Fleming Creek on substrates
of silt and organic debris (leaves and sticks) and
they invariably constructed leaf cases.

Only one T-2 individual was collected with a case
that contained any sand grains, all others were con-
structed entirely of leaf material. Laboratory ex-
periments showed that T-2 larvae, induced to build
with sand grains, utilized ¥ mm (phi 3) particles
more readily than coarser sands. All T-2 instar
larvae, except the individual in quantitative sample
number 32, were collected in slow marginal water on
substrates of silt, aquatic vegetation and organie
debris. Although both physical and photographic
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analyses of sample 32 designate it as a gravel sedi-
ment (Fig. 8), it has the highest silt percentage and
most aquatic plant and debris material of any gravel
sample in which non-burrowing P. lepida were found.
These high silt and organie values are related to the
sample location which was close to the stream margin
(Fig. 2). Gut analysis of the T-2 larva in sample
32 revealed a predominance of vascular plant tissue.

Penultimate instar (T-1) P. lepida larvae showed
inereased mineral case construction, particularly those
individuals collected on gravel substrates. Of
all the T-1 larvae collected in -qualitative field
samples, only 9 per cent had cases designated as
sand or mixed; the remainder had leaf, or leaf and
stick cases. However, small amounts of sand had been
utilized in case construction by 14 per cent of the
larvae having organic cases. All larvae with sand
and mixed eases, and two thirds of those with organie
cases that contained small amounts of sand, were
collected over gravel substrates. The remaining
larvae having organic cases with small amounts of
sand, and 81 per cent of those with all organic cases,
were collected in areas of silt, aquatic vegetation
and debris. A similar trend toward increased min-
eral case construction by T-1 larvae from gravel
(and pebble) habitats was indicated by the quantita-
tive samples. The T-1 larvae from the silt-type,
non-burrowing P. lepida samples (29, 31) possessed
all organic cases, while the larvae from gravel-pebble
samples (30, 33, 34C) had cases designated as
organie, but econtaining small portions of mineral
material.

Case building experiments conducted with T-1
P. lepida larvae indicated that organic matter was
more readily utilized than mineral particles, although
larvae in this age class did use sand grains in the
fine, medium and coarse size classes (phi 3, 2 and 1).

Analysis of digestive tracts of the T-1 instar
larvae agreed well with the photographically de-
termined abundance of food materials. Detritus was
the most abundant food in individuals taken in the
silt samples, while diatoms, a significant component
of the periphyton outside marginal areas, were the
primary food in larvae from gravel-pebble samples.
Lesser amounts of filamentous algae, detritus, and
higher aquatic plant tissue were also observed in the
digestive traets of the latter group.

Thus, T-1 P. lepida larvae were to be found both
in slow-water, silt-sand habitats having large amounts
of periphyton, higher aquatic plants, and organic
debris, and on gravel-pebble substrates with a more
rapid current and extensive periphyton cover. Al-
though all of the young stages of P. lepida larvae
showed a preference for dead leaf food material in
laboratory ecultures, significant amounts of a fila-
mentous green alga were also consumed.

The non-burrowing portion of the P. lepida termi-
nal larval instar is characterized by a further increase
in mineral case construction, gravel substrate selee-
tion and associated changes in trophic relations.

This trend was apparent from analyses of quali-
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tative and quantitative field samples. Two-thirds of
the non-burrowing terminal instar P. lepida larvae in
qualitative field collections had constructed sand or
mixed cases and 78 per cent of these were collected
on gravel substrates. Of the remaining cases, con-
structed of leaf or leaf and stick material and desig-
nated as organie, 32 per cent contained at least a few
sand grains. Whereas all larvae having leaf cases
with no mineral portions were collected in silt habi-
tats, 20 per cent of the organic cases with some min-
eral material were from gravel areas. The only non-
burrowing (T instar) larvae with entirely organie
cases from quantitative field collections were en-
countered in samples with significant amounts of silt
and organic matter (numbers 31 and 32).

Case building experiments with non-burrowing
terminal instar P. lepida larvae demonstrated their
ability to use either organic or mineral material.
Long term observations indicated that terminal in-
star larvae kept on a substrate of sand and organic
matter gradually increased the sand portion of their
cases. After an initial period in which the larvae
removed mineral sections, probably in response to
the absence of current, sand grains were generally
added until mixed ecases resulted. The faet that
these larvae never completed typical P. lepida sand
cases may indicate the importance of current flow in
the determination of final case form.

Trophic analysis of non-burrowing individuals
from quantitative samples agreed with larval group-
ings based on habitat and case type. Larvae from
silty substrates contained primarily detrital material
(vascular plant fragments) while the digestive tracts
of larvae from gravel-pebble sediments contained
large numbers of diatoms.

Case building experiments conducted with bur-
rowing terminal instar P, lepida larvae supplied in-
formation concerning the behavioral patterns which
yield the typical sand case of full grown larvae.
Since burrowing individuals were observed to restore
shortened cases to their original stereotyped form,
it was assumed that such reconstructive behavior was
indicative of the patterns which result in the typical
mature larval case. In experiments concerning larval
selection of sand grains for case construetion (and
aggregation) the availability of 1 mm (phi 0) par-
ticles ranged from as low as 0.02 per cent to as much
as 17 per cent of the total case building material
present. Utilization of 1 mm sand varied from 28.1
per cent to 58.5 per cent and, in general, increased
with availability. An average utilization of 1 mm
grains in these behavior experiments of 42 per cent
is very similar to a value of 39 per cent abundance
of this size particle found in natural, mature larval
cases. More than twice as many 1 mm particles
were employed in natural case construction than
the next most abundant size classes. The percent
utilization of the 1 mm grain size was at least twice
its availability in each of the ecase building experi-
ments and was several hundred times as great in a
number of the experiments. The average utilization
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of 1 mm particles determined experimentally (42%)
and that in natural cases (39%) is considerably
above the availability of this size fraction in gravel-
pebble substrates of the quantitative samples. Sub-
strate samples 30, 36, and 39A, which contained non-
burrowing terminal instar larvae with sand or mixed
cases, show an average of 4.7 per cent 1 mm particles.
However, 1 mm sand comprised 22.8 per cent of the
sediment if computed only on the basis of the size
slasses utilized in case construction (38-2 mm; phi 3
to —1). These percentages do not differ significantly
from the average values of 1 mm sand in the gravel-
pebble samples which contained P. lepida pupae and
burrowing larvae, or from all the gravel-pebble
samples which contained non-burrowing individuals.
Thus, selection for 1 mm sand grains is from two to
eight times the amounts available in the substrate.

The factors influencing the seasonal mierodistribu-
tion patterns of P. lepida larvae can be summarized
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as follows (Fig. 14). The subterminal larval instars
and the non-burrowing portion of the terminal instar
are characterized by concurrent changes in substrate
selection, case type and food materials from the ap-
pearance of larvae in September or October until
molting of the few remaining penultimate instar indi-
viduals in January. In each successive instar, an
inereasing number of larvae migrate from marginal
areas to more central portions of the stream bed.
The marginal regions are characterized by slow cur-
rent and a predominant particle size of silt (phi 5),
with abundant periphyton, vascular aquatic plants,
and organic debris. Habitats outside the marginal
areas have about twice the current velocity, gravel-
pebble substrates (phi —2 to phi —5), and organie
material limited primarily to periphyton. The
change in habitat preference is accompanied by a
shift from organie to mineral case building resulting
in the construction of a stereotyped cylindrical sand
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Fig. 14, Summary of factors influencing the seasomal microdistribution of P. lepida and P. guttifer

larvae.







