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ABSTRACT \ )
\

Water fi@w profi}es around individual larvae of the/black fly
Simulium Vittafum Zetf. demonstrate a velocity.gradient, areas of
turbulence, and bound;ry layers. A photographic technique‘provides
fwo— and three-dimensional velocity vedéo# profiles around individual
larvae under laboratory conditions. Larval posture is determined by
water velocity‘and provides a means of'reducing the force of the
éurrent whi¢h larvae must withstand. Most gf the body of a filtering

larva, and the entire larva exhibiting an avoidance reaction, are

contained within the substratum boundary 1ayer:

‘Laboratory studies demonstrate ﬁhevinflhence of water velocity
and particle concentration on filter-feeding by lar&ae of three size
classes and parasitized larvae. Within each larval class and among
parasitized larvae there is variation in rate of gut filling,~however,
there is no difference in rates ofvgut filliqg between’larvae of
different size classes and parasitized larvéé, Larvae of all size
classes apd parasitized larQae filled their guts most rapidly when
exposed to availabilities of particles of 100 - 200 particles/ml/sec,
which occurred as.a result of exposure to water velocities of

5 - 10 cm/sec and particle concentrations of 4 - 40 particles/ml. At

higher or 1owéf particle availabilities the rate of gut filling is
, . /

reduced.

A proportion of larvae of all size.classes do not feed for periods
of 90 minutes or longer. This proportion of larvae which do not feed
decreaseé from small to large larvae, and is smaller among parasitized

o

larvae than healthy larvae. - «



PREFACE

After graduating from high school in Montreal, % attended McGill
University (Montreal); I took a four'year programme graduating in
1965 with a.Bachelor of Science éegree with a first class in Honougs
Zoology. I was awarded the Fantham Memorial Prize in Zoology

(McGill, 1965).

During my last yeérs a; McGill I decided tp pursue my ihterest
in zoology. I becameé particularly interested in entom&iogy after
taking a course in arthropod biélogy. I spent the summ;r of 1965 at
the Entomology Research Institute in Belleville, Ontario as a sqymer
assistant to Dr. P. Belton. I worked on a survey of mosquitoes of

t

the Belleville area.

when I applied for graduate work at the University of Alberta,
Dr. Hocking offered me the oppbrtunigy of working on the feeding j\
biology of black flies. I completed a Masters' Prpg{i?me in 1969,
which inclhded a study:of the functional morpholoéy-of‘thg mouthp;}ts
of blatk fly larvae. I have continued my studies on feedigé*by larval
black flies, concentrating on the %eeding behaviour of the‘larVAe}~

while at the University of Alberta, i was awarded Postgraduate
scholarships in 1965 and 1966 by the Miniétry of Education of Quebec,
a National Research Council of Canada Postgraduate Scholarship in

1966 - 1970, a Uﬂiversity of Alberta Dissertation Fellowship in 1971 -

1972, and the Entomological Society of Alberta Prize in 1966.
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In July 1974 I began a one-year appointment as a research
assistant at the University of Waterloo (Ontario)., working with Dr.
S.M. Smith, and formed part of a team compiling a comprehensive report
en mosquitoes and mosquito control in 6ntnrip for the“Ontario |
Provincial government. While at the University of Waterloo, I was

\\\gappointed for five years to the Scientific Advisory Panel of the -

1d Health Organization for Control of Onchocerciasis.

In g&ember of 1975, I returﬁed to Quebec when my husband began

" teaching at a nior college (John Abbott College) in Ste. Anne de

Bellevue. In Janu of 1976, I began working part time as a res .rch

assistant at the Lyman M se:ihand Research Library of Macdonald College

(McGill University), conducting a survey of the Anoplura and Mallophaga

S

of Quebec. In September 1976 I joined my husband as a teacher in the

e

and I continue my association

Biology Department of John Abbott Colle

with the Lyman Museum.
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0.0, INTRODUCTION

Black flies are among the world's major éest insects. In the
old and new world tropics, female black flies transmit onchocerciasis,
a widespread disease which causes severe medical, economic, and social
" problems. In temperate areas black fiies'are important pests of -
livestock, domestic birds, and wildlife. In\?ddition to transmitting

diseases, black flies cause intense suffering to both man and other

animals through their bites when they are abundant.

The most succeésful efforts at controll%ng Slack flies have been
directed at thé larval stage (Chance 1970a). Efficient and selective
control programmes are those in which a particulate insecticide is used.
The eﬁficiegcy of these insecticides appears‘to depend on the unselective

o

“.nature of the_fiiter—feeding behaviour of black fly larvae.

Black fly larvae are agquatic animals which live exclusibely in
lotic habitats. In this environment, the flow of water is the dominant
physical factor, having a maﬁor.influence on stream life directly
th;ough the mechanical force it exerts on stream organisms, and

]

indiEectly through its effecf on their substratum and food supply.

The force of the current poses a severe hazard to lotic animals
and most stream fauna seek shelter from the current. However, as
black fly larvae are passive filter-feeders, they depend on a flow of

water for their food supply.

An important and little studied component of the lotic habitat is
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a’' layer of slow moving water -- the so-called boundary layer -- which
occurs over the surface of the substratum. Benthic organisms,
including black flies, are small enough to live within this layer of

water. \

This study is a contribution to a better understanding of the
. . “ . \

N

" 2
filter-feeding behaviour of black fly larvae. The study is in two

parts: first, an examlnatlon‘bf water flow in the immediate vicinity

of the larQae and its influence on larval beﬁaviour, and second, an

investigation of the influence of the rate of water flow and concen-
. K -

tration of food on ingestion by black fly larvae.

.



1.0. WATER FLOW AROUND BLACK FLY LARVAE
1.1. LITERATURE REVIEW

1.1.1. Introduction

The ecology of lotic habitats has been reviewed recently by Hynes
(1970a, b). He considered the nature and influence of water flow as
well as adaptations of stream organisms to their environment. Flow
conditibns to which the stream benthosare exposed have been studied in
detail by Dorier and Vaillant (1954), Ambiihl (1959, 1961, 1962) , Jaag
and Ambiihl (1964), and Trivellato aﬁd-Décamps (1968) . Ambiihl (1959)
demonstrated for the first time the significance of the boundary layer

to which the benthos is exposed:

Rate of water movement in a lotic system varies with depth and
proximity to submerged opjects._ Over the cross-sectional area of flow,
the épeed of water‘is reduced by friction with‘adjacéht materials.
Thus bottom flow is reduced by its- contact with‘ﬂhe substratum and
surface flow is reduced by its contact with air. Speed of flow‘in a
watercourse increases with depth to a maximum rate at about‘one—third
the depth of the watercourse. It then'decgeases rapidly with depth
until it approacﬁes zero,along»the,substratum. This area of decreasing
flow is the boundary layer ('Grenzschichtdicht' of Ambﬁhl or
*Grenzschicht' of Ruttners. Thiékness of boundary layer is dependent
on rate of water flow, viscosity, depth of wate; and textﬁre‘of sub-
.sératum. Bouﬁdary layers alsé-occur along banks of watercourses and

over submerged objects.
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The relaﬁionship between water flow and substratum type is well
described (Inman 1949, Cumm%Ls 1962, Cummins and Lauf 1969) and
reviewed by Ruttner (1963)'£nd Hynes (1970a). Rate of water flow
determines nature and stability of the substratum. The fasterAthe
water flow, the greater is its ability to transport materials. The
greater carrying capacity is reflected in larger size of particle
transpoéted. As a result, bottoms of fast-flowing streams consist
generally of large, clean boulders and larger stones; smaller particles
are carried or rolled along by the current. Watercourses with slow
water flow have substr&ta consisting of smallér(;arﬁicles, e.g._pebbles,

A

gravel, sand, and silt. " o

Water velocity, i.e. both rate and direction of water movement,
varies over the substratum of natural watercourses as it flows over
and around rocks, piants, and other submerged objects (Clemens'l;l7,
'Grenier.l949, Dorier and Vaillant 1954, Ulfstrand 1967). Rate of flow
over the upstream surface of ro;ks is greater than that over the down-
stream surface. Allén‘(l959)lestimated this range of maximum to
minimum current speed to be 2:1. Flow over the upper surfaces of
submerged objects is also smoother because water is forced to flow
through a smaller Efoss-sectional area; The increase in speed and
regularity of flow over upstream.surfaces is called the 'nozzle effect'
(Ulfstfand 1967). _Areaé immediately downstream from submerged objects

are areas of eddy formation and sedimentation. Flow is reduced and

transported materials tend to settle out and accumulate.



\ .
Ulfstrand (1967) and Trivellato and Décamps (1968) illustrated

i

o]
| .
} he relationship between velocity, turbulence, eddy formation,and

/ obstacles in the current. 1In fast flows, eddies formed in the down-

stream areas of submerged obstacles are more stable than eddies Spfmed
: : ~
in slower flows. Water movement is greater in eddies, and therefore

the exchange of materials between flow along the substrétum and the

mainstream is increased when eddies are formed.

Studies\of{the distribution of benthic invertebrates have shown
that ﬁost of the fauna live in a;eas of reduced flow. They are not
exposed to the full force of the curreht but.live in confinéd areas:
the.iﬂ£erstit;al spaces améng'rocks and pebbles, and among vegetation.
These areas are mis-named 'dead watef spaces’ in which rate of flow is
redgced and detrifus‘collects. Exceptiéni are some\spe%ies which 1%ve
in sheltered areas and'leave these areas in order to f;éd (Hynes 1970a).
Animals which do iivé;iﬁ exposed areas of substratum get protection in

the boundary layer. Ambitihl (1959) showed that the boundary layer may

be several millimeters thick and large enough to contain benthic animals.

. v . R \
=

Benthic faunéjhgve‘varioﬁé édépfétions fo? survival in flowiné
water. These ‘are reviéwe? most recevtly by Hynes (1970a, b) and-
Bournaud (1963). Biﬁck fly larvie are adapt=d for their life in lotic
water byAtheér‘size and shape, method and site of aﬁtachment,'and feeding
behaviqur. They are small, hemicylindrical animals, attaining a
maximuﬁ length -of approximately one qentiméter. Bournau@‘(l97é)
disputes‘that ;mallness is én adaptation specific to lifg)in flowing

s

water; however, small animals offer less resistance to currefit than do -

L

i



1arge ones (Grenier 1949);aa theylare cloaer to the snbstratﬁm and

éet greater prctection from the houndary iaye;. Black fly larvae are

streamlined; their body is smooth and has few projections. In

addition to their retractable anal papillae, larvae have a single;

thoracic proleg. Their streamlining is also enhanced by the orientation
. o

of larvaé to the current. N

Black fly largae select areas for att _hment where flow is fast,
for example, the upetreamvsufface of submerged pbbjects and trailing
vegetation (Tonnoi;}1925, Grenier 1949, Zaharl1951, Hocking and
Pickering 1954, Peterson 1956, Maitland and Penney:l967, Chutter 1968,
Lewis and Bennett 1975) Larvae select these areas for attachment
because the substratum tends to be/glean and free of sediments
(Sommerman et al 1955 Carleséf/m//1962, 1967) and their method of
feed%ng is more efficient in snooth water flow (Wolfe and Peterson

259; Hynes 1970a). Velocity preferences of lanvae vary with scecies,b ,“~

and is reflected in the dlstrlbutlon of larvae (Phllllpson 1956, 1957;

Carlsson 1967 Majitland and Penney1967 Kurtak 1973).

The method of larval attdchment has been described in detail by’
Tonnoir (1922), Puri (ﬁ%&S), Hora (1927), Grenier ‘1949) and Serra-
Tceio (i967). Larvae first apply a sticky saliﬁary sectetion to the
substratum, and then attach themselves to it with a circlet of hooks -

" located at the posterior end:bfjthe abdomen. Once attached, larvae do

“~
~————

not expend any energy in maintaining their position against the current.
The larvae are normally sedentary. They avoid the hazard of moving

around in search of food and being sWept away by the current.

v
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Larval orientation has been described b; Tonnoir (1922), Puri

(1925), Fortner (1937), Grenier (1949), éeterson (1956), Serra-Tosio
' (1967) and Kurtak (1973)ﬂ\quvae'attach themselves with their dorsal
surface faéing the current. f;;y rotate their bodies from 90° - 180°
arou;d”the longitudinal axis so that the ventral surface of the head
and fané face the current. The larval body is deflected by the current
and the head is downstream from the body. The amount the body ié
deflected varies with rate of flow; in faster currents, larvae lie
closer to the substratum (Wu 1931, Fortner 1937, Ma{tland and Penney
1967, Kurtak 1973). This posture is considered a passive body reflex
Qg§nnoir 1922, Grenier 1949, Maitland éndPenney 1967). Kurtak (1973)

reported differences in feeding posture between different species

éxposed to the same velocity.
-}

Black fly larvae feed by filtering water with specialized

cephalic fans and éollecting particulate material carried by the

o

current (Chance 1970a, and sect. 2.0.). They are paséive filter-

feeders because they do not create theif own current of water, as do
active filter-feeders, gut rely on the flow of water in lotic systems
to transport their pargiculate food. It is because they are passive

filter-feeders that lotic species are rheostenic animals.

When larvae are disturbed, they interrupt their feeding and
5

~xhibit a characteristic behaviour of pulling themselves-down to
the substratg;:;;é bringing their entire body into the boundary
layér (Tonnoir 1922, Grenier 1949} If the disturbance is severe,

for example, a sudden increase in rate of water flow, the larvae may

o

<

-
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form a second attachment to the substratum with their thoracic proleg,
. ‘>
thereby reinforcing the initial attachment. This behaviour is called

here an 'avoidance reaction' and is an adaptation wherebx}larvae make

use of the boundary layer.

1.1.2. Laboratory analysis of water flow around black fly larvae

Investigations into'habits of stream inhabitinj invertebrates
have been handicapped-beéause of difficulties in'measuring rates of
water flow to which these animals are exposed. Various workers have
shown that raées of flow to which benthic organisms are exposed are

considerably slower than that of the mainstream (Clemens 1917, ‘mubault

1927, Gessner 1950, ambithl 1959, Bournaud 1963, Trivellato and Décamps

1968) . :However, measurements of these water velocities are very

difficult because of the nature of flow and the small size of these -~

areas.

éome of the earlier studies on the lotic benthos redied on surface
velocities hsﬂ;stimaqu of flow along the substratum. Allen (1951)
used surface velocity measured with a float as an estimate of flow;
Scétt (1958) described a linear relationship between velocity at the

N .

“urface and velocity along the substratum, as méasured with a pitot
tube. Bournaud (1963) stated that surface velocity represents the
average velocity of flow. The ease and rapidity with which s “ace
velocities can be measured do much to recommend their use as estimates
of flow. However, studies of the last several years have made it

increasingly obvious that accurate measurements of the microcurrents

to which benthic animals are exposed are essential for a comprehensive

v



understanding of the interaction between these animals and their
environment. Surface velocity measurements, or even measurements

made within a few centimeters of the substratum, are inadequate.
. .

Several workers have discussed the problems of measuring flow

in confined areas (Welch 1948, Bournaud 1963). Hynes (1970a) gives

the most recent and comprehensive review.

Etandard flowmeters designed for hydrobiological studies are
too large for measuring microcurrents. Even miniaturized versions
are generally unsatisfactory due to their size. The smallest of
these flowmeters are usually not sufficiently sensitive to measure

slow velocities.

Commercially available flowmeters are of two basic types:
differential pressure flowméters.and paddle or blade meters. Differ-
ential pressure flowmeters; including pitot tubes“and“bentzél current
metérs, cannot measure velocities of less tﬁan 10 cm/gec. Problems
posed by capillary forcé; and.air buﬁbles réstrict the use of
miniatur;zed versionsf/ These flowmeterg are also difficul; to use in
turbulent and fluctuating flows. Brundrift (1971) has designed a
differential pressure flowmeter which appears to overcome these

problems and measures?flow accurately to a depth of only 2 mm.

Paddle meters are generally used for field work. Several,
includinyg the upold-Stevens pigmy and middet current meters (Cummins
1962, Eriksen 1966), the Ott propeller (Ulfstrand 1968a, Elliott 1970,

/ .
1971), and the Kent miniflow-265 (Phillipson 1956) are considered

f
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adequate for field studies although they are too large to measure
microcurrents. Their sensinq'heads ranée from 1.0 to 2.5 cm or more

in diameter. Again, these cannot measure sléw velocities. 1In

addition, they have frictional problems between moviné parts, and

tend to clog with floating debris. Some.are subject to corrosion in
water. Those rgquiring direct coun;ing of blade rotatibn are difficult

to use in flows which rotate the blades rapidly.

Several workers haveqdesigned other techniques. Edington and
Mdiyneux (1960) developed a portable paddle flowmeter which measures
flows as low as 5 cm/sec with a sensing head of 1.5 cm in diameter.
Bournaud (1963) developed a measuring device for laboratory studies
consisting of a simple blade and a balance beam with a cursor. -
Gessner .(1950) aeveloped a technique by which water flow is determined
from the collection of water passing through a small holé of known
'diameter. :The device is simble and consistent. McConnell and Sigler
(1959) developed a uniéue systeh for measuring flow at the substratum
by measuring the rate of dissolution of salt tablets. This system |
has gieat advantage because it takes i;to account conditions of flow
at the substratum, however, it is notvyéry precise and is difficult

to calibrate. Their results were suéakct to variation. Kurtak.(1973)

developed a pressure transducer to measure point velocities.

A more sophisticated type of current meter with a ‘sensing head

of sufficiently small size is the hot wire, or hot film, anemometer

(Sect. 2.2.2.). This device measures thé rate of heat loss from a

a

heated wire or film to a passing fluid, either air (anemometer) or

Ly

BNt A R
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liquid (rheometer). They are'very sensitive, but also fragile and
expensive. They are susceptible to contaminants iﬁ the water gnd to
mechanical damage from floating debris. For these reasons they tend
to be restricted to laboratory use although robust versions are now
being designed for use in natural watercourses. The increase in
strengéh is achieved with a loss in‘sensitivity.

‘Most of these meters are not small and sensitive enough to measure
fléw in the boundary layer, or in the ‘immediate vicinity of small

benthic animals. The most accurate and detailed measurements of

water flow, including studies of the boundary layer, have been achieved‘\

through‘phofography. These studies are restricted to the laboratory,
where flow can be analyzed under artificial conditions. Movement of
water, both quantitative and qualitative, is studied after adding
pérticlgs to the water and filming their movement under a flashing

light. Particles are selected for shape and size, specific gravity

and reflectivity. 1In situations where animals are being studied,
. t
non-toxic particles are used. Synthetic beads (ambiithl 1959, Allan

-

1961); alumihium particles (Hersh 1960, Trivellato and Décamps 1968),

»

and the tobacco mosiac virus (Hersh 1960) have been used.

Crisp and Southward (1956, 1961) used cow's milk,in their study
of barnacle feeding. They found it easier to manipulate than particLes

in studying flows in sea water.

Ve



1.2. MATERIALS AND METHODS

1.2.1. Flume

\

Black fly larvae were maintained in a hydraﬁlic flume Sfig. 1.1,{.
This is a closed system conéisting of an open channel (2.5 ; long x
14.0 cm wide x 30.0 cm tall) and a head tank (61.0 cm tall x 30.5 cm
loné %X 14.0 cm wide), both made of acrylic plastic (PlexiglasO
0.635 cm thick, purchgsgd as {-inch thick), avreservoif,‘and a pump to
circulate the water. The walls' of ﬁhe flume were reinforced aloﬁg the
top with aluminium braces. A steel wire me;h at the entrance of the
head taﬁk_reduced the turbulence of water entering the channel. The
inflow of water into the channel from the head tank is controlled gy
a sluice gate. A téil’gate at the end of the flume controlled the
depth of water in the changel. The incline of the channel is adjust-
able, although throughoutlthese experiments the channel was' not inélined.

A saran mesh filter in front of the tailgate prevented larvae from

-

leaving the flume.
2

‘The reservoir (75.5 cm long x 51.0 em wide x 50.0 cm deep) had

B

~insulated walls which were coated with non—toxic'paint; An activated.

chafcoal filter (9 kg) - in the re;ervoir removed hypochlorite and heavy
meﬁal ions, and a water cooler (Frigid. Unit Inc., 'Min~-0O-Cool', Toledo,
Ohico) maintained the temperature of the water constant to within 1 ¢
degree. For the experiments temperature ranged from 9C - 10C. The

output of the waterpump (Rapidayton, The Tait Manufacturing Co.,

4
Dayton, Ohio) was controlled by a gate valve. The rate of flow of the

(S TN

i
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mainstream of water in the channel ranged'from 30 - 40 cm/sec.

The flume was filled with approximately 80 litres ot deionized
water. MovementIPf water kept it well oxygenated. Water was allowed
to stana’for few days befofe.being added to the flume, c¥ if there
were no darvae in the flume, allowed to circulate in the flume for a

few days in oerder to remove chlorine. "

s

R ‘ LT .

" “Parvae were fed baker's yeast. Organic material which was added
to Ehe flume along with the larvae, and allowed to accumulate. in the

/
water, was also available as food.

i

/

/

1.2.2. Larval posture

i

Measurements of\iarval angle of deflection (Sect. 1.3.1.1.) were
made by holding a protractor against the side wall of the flume and
estimating thexgigle Fhe larvae subtended to the substratum. Rate of
flow of water to which larvae were ex§6§gafggé"méasuredbwith a Kent

miniflo-265 paddlemeter (G. Kent Canada, Ltd., Toronto) held 0.75 ém

above the substratum. N

rd
Measurements were also taken from £ilms of larvae in the flume

(Sect. 1.2.3.).

1.2.3. Photographic system

To visualize water flow around a larva, a suspension of aluminium
\

flakes &as released 3-4 cm upstream from the larva. A stroboscope

(Type 1531-A Strobotac, General Radio Company) held about 15 cm above
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the larva illuminated both larva and éluminium.

T Still (35 mm) phbtographs(were taken using a Nikkormat camera
with either a Zoomar 90 mm f£/2.8 Macro-Kilar lens or a 50 mm £/3.5
Micro-Nikkor lens. Kodak Tri-X film (ASA 400, developed for ASA 800)
w;s used. Movie (16 mm) films were taken with a Bolex H16 camera

with a Professional Kinotar lens and a 20 mm extension tube. Kodak

4-X Reversal film, type 7277, ASA 320, was used.

Two—diménsional views of larvae Qere photogréphed through the
side wall of the flume with larvae attached eithef to the fluﬁe wall
or to the edge of a sheet of Plexiglas (0.318 cm or 1/8-inch thick)
positioned vertically 0.65 cm'away from the flume wall.' To ‘de

a reference for magnification, a thin plastic ruler was posit -n-

just below the site of attachment of the larvae being photograpi: 4.

Three-dimensional views were made by photogréphing a larva and
its prism image at the same time. The camera was mounted verticafly,
above the flume, on a heavy alumiéium brace which was clamped firmly .
to the flume to minimize vibrations due to the pump. The larva was
allowed to attach to a flexiglas form (60.0 cm long x 11.5 cm wide
x 11.5 cm tall) with a right—angléd triangular cross-section. The form
was clamped against the wall of the flume about twé—thirds of the way
downstream, where the flow was reiatively smooth., The upstream endl
of the form was streamlined to minimize turbulence over the surface of
the form. The larva attached on the 45 de;ree slope, on a squared B
grid which’provided a reference for magﬁificatiqn. A right-angled

°

prism was poéitioned with one surface perpendicular to the larva and

<
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parallel to the direction of flow, and adother surface parallel to

the boetom of the flume (fig. 1.2.). 'To compensate fer fhe difference /
in lengths of light peths between the prism image and the target image,

a plano-concave lens (A.L.) (focal length ~73 er —206} was fixgd ’

between the upper surface of the prism and tﬁe water surface. To

avoid problems from the air-water interface, a plexiglass dlSC (0. 13 cm

or 3}-inch tthk) was flxed at the water surface.

This technique provides two simultaneous two-dimensional (2-d)

views, rather than a true three-dimensional (3-d) view (fig. 1.15).

To increase the contrast on the film, the laboratory was kept dark.
The beam of the stroboscope was condentrated by attaching a plano~
convex lens on the reflector. For the‘3£ mm films, additional lighting
from two high-intensity lamps was necessary. 1In preliminary studies
on larval orientation, 35 mm photog;aphs were taken using a Braun
"flash for illumination.' The flash provided satisfactory illumination. -
However, because the intensity of 1llum1natlon variéd over the perlod
of the flash, paths ef aluminium flakes are represented on the fllmsr
by streaks with gradually tapering tails (figs. ;.16,‘1.17). They

therefore do not provide as-precise a time record as do paths

illuminated by the stroboscope. "

T

The alumiﬁium suspedsion consisted of 2.5 ml of aluminium flekes
(type 905, sSheffield Bronze Powder Company, Ltd.), 600 ml of flume' Y
water, and 15 ml” of Tergitofj Thls aluminium powder was chosen from
other powders tested on the basis of its size, and m1x1ng and ilght-

reflecting properties. The addition of Tergitof3~ was necessary for

N




BN
N

~

TEST CHANNEL
—  WALL

WATER !
SURFACE DISC

_~__J_-~4=;:==gé}__“ -

PRISMS;J

FORM

N

VA

FIG. 1.2. DIAGRAM OF EQUIPMENT
FOR FILMING 3-D VIEWS OF BLACK
FLY LARVAE. “A.L. = ACCESSORY
LENS, C = CAMERA POSITION, L =
LARVA, Y,Z = Y AND Z AXES ( X
AX1S PERPENDICULAR TO PLANE OF
PAPER ). '



18.

the aluminium to disper- - readily in the water. The temperature of
the suspension was ke. dat close to flume water temperature in an
insulated dispenser. Since the aluminium tended to settle to thé
botto@ oé theicontainer with time, it was kept in suspension by

constant mixing with a'magnetic stirrer (fig. 1.3).

The éluminium dispenser consisted of a modified nalgene screw
top bottle (fig. 1.3.). A delivery tube, attached 1.0 cm above the
base, was bent so that the tip was directed parallel to the water flow.

The tip was tapered to minimize disruption of flow.

Discharge of the Eluminium dispenser was controlled by a needle
valve, connected to a straight tube passing through the caé of the
‘bottle and down to a depth of 14.2 cm inside the bottle. The needle
valve was caliﬁrated so that thg_discharge was at a known rate, e.q.
99.06%5.42 ml/min. A cheese~cloth filter at thé exit of the flume

. removed most of the aluminium from the water as it flowed out of the

~

flume.

N

Current speed during the filmihg was measured\using'a midget

£ N J

current meter (Leupold-Stevens Instruments Inc., Pértland; Oregon)
held 'a centimeter away from the lérva,\downstream‘and towards_the
centre of the flume. (A hot-wire anemometer was not available during’~

' this part of the study).
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1.2.4. Analysis

The path a flake of aluminium travelled during the exposure
)
time of the film shows up on the film as a row.of dots‘(figé. 1.12 -
1:15). The distance between dots in a row is a measure of the speed
a flake travelléd while it was photographed. It is assumed that the

aluminium flakes were carried freely by the water and that their

movement was equal to that of the water.

The distance between dots of each row was measured using a
digitizer éﬁé an IBM 366—67 computer. The digitizer i§ an analoguej
digital converter consisting of é table with a movable cursor, a
control circuit containing X and Y coo%ainate registers, ana an output
device which registers as volt;ges, points on a film projected onto
a viewing table. The voltages were recorded automatically on computer
‘cards. With a suitable computer proérammeyithese voltages were anaiysed
in the fo;m of Qelocitylvectors at selected coordinates around larvae.
The direction and length of the.vectors are averages of all paths
of aluminium measured within the area defined by the compﬁtef programme.
The programme takes into gccount the speed at which the film was taken,

the speed of the stroboscope, and the magnification of the film.

The programme also mathematically compensates for the 45° incline
on which‘larQae were aftached by rotating the plane of larval attachment
and of‘the prism image b& 45° (fig. 1.2.). Thus the analysis is made
with the larval substratum oriented parallel to the flume bottpﬁ, and

the prism image perpendicular to the surface ‘of the water and to the

bottom of the:flume.

»
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film, ﬁothvwith respect to recognizing individual rows of dots and ”

/

To eliminate error due to tpe film slipping in the projector
during digitizing, the position /of each path of alw..nium flake was .
recorded with reference to the position of the base of the larva

in.the same frame. The positibn of the larva is recorded with three

coordinates: the midpoint of the base of the posterior end of the

larva, the midpoint of an J~aiginary line between the thorax and

| :
abdomen, and a point midway' between the cephalic fans. Since the

upper part of the larva was constantly moving with the current, the

position of: the second and third coordinates were always changing.
; o

The position of the lar&a recorded by the computer is therefore ‘an

average. '

;

The number of dbts per row is dependent on the speed of the film
and the speed of tHe stroboscope. The film speed, and hence the expos-
ure time of eachfframe, varied over a 15-foot run of film.becrvﬁe the

movement of the;film in the Bolex H16 camera is controlled by a

i

spring. 1In a%Aition, the film épeed settings give only a guide of
/

the film spedd. The stroboscope provides an accurate time record, .

precise to within 1% of all scales. It was run at speeds of 19,400

flashes péi minute (fpm), 42,000 fpm, and 25,000 fpm, toproduce several

,/ ) . T

dots per’ row. The more dots per row, the easier it is to analyse the
! )

/ .
detegﬁining whether or not any particular row is suitable for

G, EYART

measurement.
/. - L3

lf For any speed of stroboscope sqtting, the number of dots per

: row vérigd by 2 - 3 dots because of the variation of film speed over

.

a 15-foot run.  Movie film was taken at three settings: 12 frames per

eI s e e



secénd (fps), 24 fps, and 64 fps. Film taken at 12 fps has 9 - 12
dots per row; film taken at 24 fps has 4 - 6 dots per row; and film
taken at 64 fps has 1 - 3 do£s per row. When the film was anualysed
the distance between a constant number of dots was measured, 4 for 24
‘fps film and 8 for 12 fps film. There were too few dots per series
in the 64 fps film for accurate analysis, so this film was not

digitized.

v

Only rows of dots in focus and representing paEhs of‘dluminium
flakes téévelling parallel to ﬁhé filﬂlwer? analysed. Tﬁese latter
are easily recognized because the distances between éonsecuti:e dots
in any one row are constant. If“the ;ize and focus oflthe‘dots varies
within a row, and distances between consecutive doﬁs is not constant,
then the flake of  aluminium was not travelling parallel to the £ilm,
but either towardé the film (if the dots are larger at the end of the

row) or away from the film (if the dots are smaller at the end of the

row). If the distances between consecutive dots vary within a row,

S i

and the dots-;¥e all of equal size, the velocity of the flake varied
during the exposure time of the film. Because the sizé of the flakes
varied over a wide range (15 - 308 um in length, 15 - 231 um in width,
or 63% larger than 325 mesh), the dots varied in size from one row

to another.

1.3. RESULTS

1.3.1. Behaviour of larvae with respecf to water flow
'1.3.1.1. Larval orientation

The typical posture of a black fly larva while filter-feeding
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%
is shoan;n fig. 1.4. The larva is attached to the substratum gt
the postérior end of its abdomen, and the head is directed downstream.
The thoracic proleg is held close to the body. The anal papillae,
located on the dorso-posterior margin of the abdomen, are close to
the substratum and contained within the boundary layer (secgé 1.3.1:3.,
1.3.2.1.). The larva has rotated longitudinally about 160°, and the
ventral surface of the tho;ax and Head is directed‘upwards. “The

ventral surface of the larva is identified by the ventral nerve cord ,

and ganglig, visible through the ventral abdominal wall.

The larva has a streamlined shape. The body is hemicylindrical
and widens at the fifth abdominal segment. The widest part of the
bédy is therefore a short distance b;hind the upstream end of‘thé
body, a feature characteristic of maximally streamlined shapes

(Shapiro 1961, Alexander 1973). The fans are held out away from the

body.

" The angle of deflection is that angle a larva is 5éfl¢cted by
the current from an axis perpendicular to the substrétum-and;
origiﬁaging~at the site of attachment (insert, fig..l.S.). This
angle is dependent on the rate of water flow. The regression of
angle of deflection on the logarithm of rate of water flow is
significant (F no. for linear r\egression = 85,23, P***il). The
angle increases linearly with the logarithm of.rate of water flow

(Fig. 1.5.). X

1 .
Throughout thesis, P* denotes a probability of 0.05 or less; P**, a

probability of 0.01 or less, and px**, of 0.001 or less.

AR it v



Fié. 1.4, PHOTOGRAPH OF A LARVAe OF SIMULIUM VITTATUM.
DIRECTION OF FLOW FROM LEFT TO RIGHT. (MAG. X 7)

3
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3 5 10 20 50 100
RATE OF WATER FLOW ( CM/SEC ) ON LOG SCALE
FI16, 1.5, ANGLE OF DEFLECTION OF LARVAE OF SIMILIUM VITTATUM PLOTTED

AGAINST RATE OF WATER FsOAI. (INSERT: A = ANGLE OD DEFLECTION, D =
DIRECTION OF WATER FLO!),
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gle of deflection increases as the square of the rate of
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“
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= RATE OF WATER FLOW ( crM/sEc )

FI16. 1.6, MEAN ANGLE OF DEFLECT]

VITTATUM AND HEIGHT OF LARVAL FANS ABOVE THE SUBSTRATUNM PLOTTED

AGATHST RATE OF WATER FLoW., ( ve
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R = pua/n
where R 1s the Reynold's Number;
'o' is the density of water, taken as 0.99973 gm/cm3 at 4C; fu‘ is the
‘rate of}watér flow, faken as 3 cm/sec - 80 cm/sec, the range of water
flow to which larvae are normally_gxposed in natural watercourses;
'a' is the length of the larva in the direction of flow and calculated
here for larval lengths of 5 - 9 mm (and an angle.of deflection of
20 - 80 degrees); 'n' is thé viscosity of the medium taken here as

0.01346 poise for water at 9C and 0.01307 poise for water at 10C. | .

The. Reynold's Number for black fly larvae ranges from 19 - 5,260.
It is important in relation to the force of drag larvae must withstand
(sect. 1.4.1.). Since 'a' is dependent on the angle of deflection of

the larvae, it is also dependent on 'u',-the rate of water flow.

1.3.1.2. Flow profiles around larvae

Proéiles of water flow around larvae are shown in figs.

1.17. Figs. 1.7 - 1.1l are composite tracings taken from 16 mm
cinefilm of two-dimensional views (figs. 1.12 - 1.14 and sect. 1.3.2.1.).
The direction of flow is from left to right. The straight liﬁes
represent paths of aluminium flakes which travelled parallél to the

film. The irregular shapes'are traci*gs of paths of aluhinium flakes
whichvare'represented on the film by ﬂiurred st-eaks. These flakes did

not travel parallel to the film and are predominate in areas of

) ——

turbulent flow and in the boundary layer.

R i e



Fi6., 1.7. (ToP). TWO-DIMENSIONAL FLOW PROFILE AROUND A LARVA OF
SIMULIUM YITTATUM WHILE FILTERING AND ROTATED LESS THAN 160 DLGRLES,
LATERAL v%Ew. ' ‘
FI16. 1.8.(BOTTOM), TWO-DIMEMSIONAL FLOW PROFILE AROUND A LARYA OF
STMI UM YITTATUM WHILE FILTERING AND ROTATED APPROXIMATELY ¢
DEGREES. LATERAL VIEW., IN BOTH FIGS, FLOW IS FROM LEFT TO RIGHT,



FI6., 1,9.(TOP), TWO-DIMENSIONAL FLOW PROFILE AROUND A LARVA OF

SIMULIUM YITTATUM WHILE FILTERING AND ROTATED APPROXIMATELY 90
EGREES .  LATERAL VIEW. (RATE OF WATER FLOW FASTER THAN IN PROFILES
AND : -

F16. 1.10. (goTTON) | TWO-DIHENSIONAL FLOW PROFILE AROUND A LARVA

OF SIMULIVA YITTATUH WHILE "CROUCHING'. LATERAL VIEW. IN BOTH

FIGS FLOW 1S FROM LEFT TO RIGHT, -
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F16., 1.11, TWO-DIMENSIONAL FLOW PROFILE AROUND A LARVA OF
SIMULIUM VITTATUM WHILE FILTERING, DORSO-VENTRAL VIEW., FLOW IS
FROM LEFT TO RIGHT, . ‘

i
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The gradient of increasing velocity with height above the substratum

is demonstrated in figs. 1.7 - 1.10 with the paths oflaiiminium‘flakes
increasing in length above the substratum. Water flow in the flume

is not laminar, and this is reflected in variation in length and
direction of individual streaks at the same height above.the substratum.
"Flow close to the substratum is reduced and, owing to the larva, tends
to'be'turbulent{

. <
Few paths of aluminium flakes are recorded in the immediate

vitinity of the substratum (figs. 1.7 - 1.9, 1.12, 1.13), because slow
flow in the boundéry,layer carried few flakes there. Occasionally,
flakes settled to the substratum and rolled along the substratum

(fig. 1.12).

A second boundary layer, one around the base of a larva, is
/
demonstrated clearly in fig. 1.16. This photograph is of a larva

" attached to the side wall of the flume with its body extending towards
the centre of the flume. The boundary layer is recognized by absence

of streaks representing paths of aluminium flakes. It is 0.5 mm

»

thick. The raté of water flow 1 mm away from the larva is 12.4 ¢m/sec.
A small area of turbulence is demonstrated underneath the lar&a gﬁd
: b

immediately do. cwream from the.site of attachment. :
. 4

The cinefilm tracings show two areas of turbulence around larvaé;

‘

Flow is disrupted by its passage around the larvae (figs. 1.7, 1.8)
‘and through the larval cephalic fans (figs. 1.7, 1.9, 1.11). The
L]

turbulence downstream from the larval body has a general uapward N

direction, and is an example of éddy formation downstream from obstacles



Fig, 1,12, PHOTOGRAPH OF A FILTERING LARVA OF SIMULIUM
'VITTATUM IN A WATER FLOW, (REPHOTOGRAPHED FROM A 16 MM
CINEFILM, FILMED AT 12 FPS, WITH A STROBE SPEED ofF 25,000
rRPM)  (MAG. x b6). For F1es. 1,12 - 1,14., DIRECTION OF
FLOW IS FROM LEFT TO RIGHT. . NHITE DOTS REPRESENT PATHS
TRAVELLED BY FLAKES OF ALUMINIUM DURING EXPOSURE TO THE

FILM,

[n}

Fic. 1,13, PHOTOGRAPH OF A LARVA OF SIMULIUM YITTATUM |
WHILE "CROUCHING' IN A WATER FLOW. (SPECIFICATIONS AS

IN FIG, 1,12.)

e~
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Fic. 1.14. PHOTOGRAPH OF A LARVA OF SIMULIUM VITTATUM
ATTACHED TO A WALL OF A FLUME AND IN A WATER FLOW." (MAG.
X 7.5) -(SPECIFICATIONS AS IN FIG, 1.12.)

(o)

e

. ‘ ’ ' ' ! 8 o
Frc, 1,15, PHOTOGRAPH OF A FILTERING LARVA OF SIMULIUM v
VITTATUM (INDICATED BY ARROW) AND PRISM IMAGE OF LARVA
(AT .LEFT) IN A WATER FLOW, DIRECTION OF FLOW IS ‘FROM

"BOTTOM TO TOP/OF PAGE, (REPHOTOGRAPHED FROM A 16 MM -

19,4000.)
%

S
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.
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Fie. 1,16s PHOTOGRAPH OF A LARVA OF SIMULIUM YITTATUM
IN A WATER FLOW AND BOUNDARY LAYER AROUND LARVAL:BODY,
DIRECTION OF FLOW IS FROM UPPER LEFT TO LOWER RIGHT,
WHITE STREAKS REPRESENT,PATHS TRAVELLED BY FLAKES OF
ALUMINTUM DURING EXPOSURE OF FILM (ILLUMINATED BY TwWO
HIGH INTENSITY LIGHTS), (MAG. X 6).

I’

Fre. 1,17, PHOTOGRAPHS OF A FILTERING LARVA OF SIMULIUM
YITTATUM IN A WATER FLOW. FI1G. 1.17A, LARVA WITH ONE
FAN EXTENDED' FIG., 1.17B, LARVA WITH BOTH FANS RETRACTED.
DIRECTION OF FLOW IS FROM UPPER LEFT TO LOWER RIGHT.

' WHITE STREAKS REPRESENT PATHS TRAVELLED BY FLAKES OF

ALUMINIUM DURING EXPOSURE OF FILM (ILLUMINATED.BY FLASH)
(MAG, X 7).,
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in the flow.

Turbulence created by the flow of water through the fans is
also illustrated in the photographs of fig. 1.17. The larva in
fig; 1.17 was photographed while attached to the tailgate of the
flume (fig. 1.1). The dorsal surface of the abdomen .is éhown and
.the larva has rotated itsélf approximately 110°. This photograph
was taken with a flagh and hence paths of aluminium flakes are

represented as tapering streaks.

1.3.1.3. Avoidance reaction

o

The avoidance reaction of black fly larvae is illustrated
in figs. 1.10, 1.13. The larva has pulled itself dnown towards the
substratum, but has not attached to the substratum with its proleg.

/

larvae rarely make a second attachment unless they are exposed to

o

very fast rates of flow.

In the flow prdfile illustrated in fig. 1.10, the crouching
larva is exposed to slower water flow than the filter-feediné larvae

(sect. 1.3.2.1.). Turbulence occurs immediately downstream from the

larva.

1.3.2. Velocity profiles around larvae
1.3.2.1. Two-dimensional profiles

Velocity profiles around larvae were calculated from

digitized measurements of aluminium paths taken from 16 mm cinefilms

v

40.
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of larvae in the flume. Vector diagrams”of velocity profiles around
larvae are presented in figs. 1.18 - 1.21. Lateral profiles (figs.
1.18 - 1.20) were taken from cinefilms of larvae attached-to a form
close to the side wall of the flume (figs. 1.12, 1.13). A dorso-
ventral profile (fig. 1.21) is taken from a cinefiim of a larva
attached to the side wall of the flume (fig. 1.14). The velocity
profiles are‘referred to in the tex; by the numbers of the figures
illustrating them, for example, fiq: 1.18 illustrates velocity

profile #18. : \

In all velocity profiles, orientation of vectors indicates .
direction of flow, and length of vectors, the rate of flow. The
position of the larva is indicated by a dotted outline. 1In lateral

profiles, the X-axis represents the substratum.

Each vector is a mean of all readings recorded in a particular
area of the computer-defined grid. In this prcl;m{;ary investigation
the standard error of the means of these vect6r§ was: not calculated.
For more comprehénsive stgd}gs this information can be « tracted from

the data after modification of the computer programme.

i T I

" Two lateral velocity‘profiles were analysed using filter-feeding
larvae. Figs. ;.18 énd 1.19 are vector diagrams of flow around‘each
~ larva when nearby flow was 11.9 and 14;3 cr/sec respectivély, as
measured with a midget current meter (table :1.1). The angle of

deflection for each larva is 58° and 400, res
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Table 1.1. Rates ©of water flow (cm/sec) recorded using
a midget current meter and vectors for two and three-~
dimensional vector profiles around a larva of Simulium
vittatum. Angles of deflection of larva are included.

i ‘ - :
Profile Current meter " Range of vectors Angle of deflection

(cm/sec) {cm/sec) o (degrees)

2-d

18 ' 11.9 3.0 - 11.8 58

19 ' '14.3 1.3 - 6.9 40

20 . 14.3 3.0 - 9.5 -

21 : ° 14.3 4.4 - 12.2 -
3-d

22 S 29.6 ’ 31.0 - 46.4 70

23 20.4 5.2 - 18.5 75

With the exception of the length of the vectors, profiles #18
ana #19 (figsﬂ 1.18 and 1.19) are very similar because the orientation
of vectors is determined by the mainstream of flow. Differences occur
in areas of turbulence downstream from the larva. In profile #19,
turbulence is demonstrated immediately downstream from the lafval body
and around the larval head; in #lé, it is demonstrated downstream
from'thg larﬁal head. Vectors din these areas.are shorter (recording a
flow reduction of approximately 2 cm/sec) and are oriented in a

direction different from those representing the mainstream.

5

The increase of velocity with increase in height above the sub-

stratum is clearly demonstrated. The boundary layer is also represented,

although only by a few vectors. In velocity profile #18 (fig. 1.18)

the boundary layer velocity ranged from 3.03 ~ 7.97 cm/sec. At the



FOR FI16s.1,18 - 1,21 (TWO-DIMENSIONAL VECTOR PROFILES),
NUMBERS ABOVE EACH VECTOR RECORDS NUMBERS OF READINGS
USED IN CALCULATION OF THAT VECTOR., VECTORS ARE
CENTERED AT THE MIDPOINT OF COORDINATES FORMING THE &RID,
IF NO ALUMINIUM FLAKES WERE RECORDED FROM ANY AREA, NO
VECTOR IS CALCULATED AND THE AREA 1S MARKED BY A SINGLE
DOT, POSITION OF LARVA (INDICATED BY DOTTED LINES) IS
ESTIMATED USING LARVAL COORDINATES (*), BL = FLow
WITHIN BOUNDARY LAYER, % = AVERAGE POSITION OF LARVAL
COORDINATES ( SEE TEXT ), DISTANCE ALONG SUBSTRATUM IS
RELATIVE TO LARVAL SITE .OF ATTACHMENT ( 0.0cM), + anp =

INDICATING DOWNSTREAM AND UPSTREAM FROM LARVA RESPECTIVELY,

—-u.z(—:-;a,-hqa'..., PN
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level where the larvae filter, approximately 2.5 mm above the sub-
stratum, flow range ! from 8.0 - 11.0 cm/sec. At 6 mm above the

.substratum, flow ranged from 9.9 - 14.2 cm/sec.

Velocity profile #19 (fig. 1.19) is slower than #18, although
the rate of flow as measured by a midget current meter was 2.5 cﬁ/sec
faster (table 1.1). Agéin, there are few vectors in ﬁhe boundary
layer; theée range in flow froﬁ 1.2 - 2.7 cm/sec. Rate of flow‘of
water filtered by the larva ranged frcm 4.5 - 6.2 cm/sec. At 6 mm .

above the subsﬁratum, flow was 4.5 - 6.9 cm/sec, more than double

that in the bound

*l:*g

reaction (sect.; %y sis sho@i‘in fig. 1.20. The larva has

v

pulléd itself down witﬁ%ﬁ'the boundary layer. Velocity in the boundary
\

layer is represent d by only three vectors, which range from 2.9 -

5.1 cm/sec. This vector profile ié faste. than #19, although.larvae

were exposed to the same water flow during filming. Rate of water flow

o

to which larval fans would have been exposed if the larva had been

filtering ranges from 4.5 - 6.9 cm/sec. Flow 6 mm above the substratum

ranged from 7.6 - 9.0 cm/sec.

t

A 2-d dorso-ventral velocity profile around}adfilter—feeding larva
———— 1
is shown in fig. 1.21. The larva is oriented with its head directed

I

downstréam and towards the bottom of the flume. It was attached to

the side wall of the flume 2 cm below the surface of the water and

o

0.13 cm above the foym (sect. 1.2.3.).
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Because of the pattern of water flow in the flume; very few flakes
“of aluminium passed below the larva and no vectors were calculated

for this area. .

The rate of water flow 1 cm away from the larva was 14.3 cm/sec,
as measured by a midget current meter. The pattern of flow is
directed around the larva. There is no gradient of velocities over

the distance of 4.6 mm in height above the larva.
1.3.2.2. Three dimensional profiles

Three dimensional profiies are taken from cinefilms of a
larva and its prism image (flg. 1.15). Vector diagrams for two 3-d
velocity profiles around flléerlng larvae are presented in flég\\ij22
and 1.23. The format of the diagrams is the same as that of the 2-d
velocity profiles with the following exceptions: | "
1) Profiles L and D are simultaneous lateral (L) and dorso-
ventral (D) views of the:same larva. The lateral view is
the prism imagebof D; the 'ac;ual‘;}mage.
2) Because there are too many veceerS-in each 3-d profile to
include on one page, these vector profiles are subdivided into
pa;ts (three, four, and two for figse 1.22;71.23a, 1,23p,

respectivelY). The parts of each profiie«are denoted by

Roman capital numbers, for example, 1,22I; 1,221, 1 22III,

N

> Awhlch together represent 3-d profile #22.
3) Vectors occurring at different helghts above the substratum

are dietinguiShed by different types of lines (see height code).
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4) Numbers above vectors record numbers of_reédings used in
the calculation of any vector. Vectors with no numbers

above them are based on one readifg (Appendix A).

0

5) Areas in which no vectors were recorded are marked with a
single dot.

6) The X-axis represents the substratum, and is oriented parallel
! <

to the bottom of the flume and the direction of the mainstream.

The Y-axis is perpendicular to the bottom of the flume -and
o the direction of the mainstream, and is parallel to the side
[ . . -

wall of the flume. It represents the vertical axis and height

above the larva. The Z-axis is perpendicular to the side wall

<

of the flume and the direction of the mainstream, andurépreSents

the'direction’across the width of the ilqméx

. ‘o

.

Profiles‘are referred to in the text by the number of the figure

¥

illustragingéthém, for example, profile #22 is illustrated by fig. 1.22.

Two vector éidérams of the same velocity profile, #23, are presented

as‘parts a and b of fig. 1.23. The vector diagram shown in fig. 1.23a

“is analysed with different coordinates than that in fiqﬁ 1.23b. Diagram

#23a has a cocordinate interval of 1.0 mmcoriginating at 0.5 mm; #23b °
has q"codféinaﬁeIinterval of,2.O mm ‘originating at 0.0 mm. "Vector

dlagram #22 has the same coordinate ‘interval as #23a.

The velocity profile #22 was filmed at 24 fps; #23,5“:12 fps.

The rate of water flow measured with a midget current meter was

"29.6 cm/sec for #22 and 20.4 cm/sec for #23. The larvéﬁ were deflected

70° and 759, respectively. B .
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FOR FIGs 1,22 - 1.23A.B (THREE-DIMENSIONAL VECTOR PROFILES).
VIEW L = LATERAL VIEW, VIEW D = DORSO-VENTRAL VIEW, X - AX1S

"= DIRECTION OF FLOW, FROM LEFT TO RIGHT: Y - AXIS = HEIGHT

ABOVE THE SUBSTRATUM: Z — AXIS = DISTANCE ACROSS WIDTH OF

. FLUME. VECTORS ARE REPRESENTED BY STRAIGHT LINES CODED

ACCORDING TO THEIR HEIGHT (MM) ADOVE THE SUBSTRATUM. NUMBERS

"ABOVE VECTORS RECORD NUMBERS OF READINGS USED IN CALCULATION

OF THAT VECTOR. VECTORS WITHOUT NUMBERS ARE BASED ON ONE
READING, VECTORS ARE CENTERED AT THE MIDPOINT OF COORDINATES

"~ FORMING THE GRID: IF NO ALUMINIUM FLAKES WERE RECORDED IN

ANY AREA, NO VECTOR IS CALCULATED AND THE AREA IS MARKED BY

A SINGLE DOT. POSITION OF LARVA (INDICATED BY DOTTED LINES)

IS ESTIMATED USING AVERAGE POSITION OF LARVAL COORDINATES (*) N

(SEE TEXT) .
¥
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\ (table 1.1). The vectors

\

Velocity profile #22 is faster th?1 ¥
. . ')'\w:: ; .

of profile #22 are not d{étrlbuted agigpbAprmly as those of #23.
-

Those vectors which occur close to the substratum occur at some

distance to one side of the larva, and those close to the larva on the

Z-axis are above the larva. The velocity gradient and boundary layer

N

are not well represented. ST

In velocity profile #23, the vectors are distributed on both sides
of the larva in the D view. The velocity gradient is well repfesented.
Vec£ors are recorded from the boundary layer, however, most vectors
with@n 1 mm above the sdbstratum are 3 - 4 mm to one side of the larva.
There is also evideyée of‘turbulence around the thorax and head of the

larva (fig. 1.23alIl, IIIX; 1.23bII).
Y ‘

The greater coordinate ihterval of velocity diagram #23b results

f.low ’
4 el

in fewer vectors. Readings are averaged cr7er a greater vol

consequentlY*&ectors are based on a greater number of readin

his
AT

does not mean a greater reliability or accuracy of the measurement of

v !
-

flow compared ?9 #23a, howéver, becausc the vectoré gre distributed over
a greaté¥ paft of the velocity gradient. Eurthermore, the increase in
area over which the veétors are avéfaged results in a ‘loss of detail

> c ,
in velécity«measurement. Although the velocity gradient is still
deménstrated, éhere is littie evidence of turbulghcq. The; velocity

diagram with larger .coordinate intervals covers a slightly larger area

and therefore includes a larger total number of readings.

“

Six vectors in the boundary layer of profile #23b are drawn at

the substratum. In the vector analysis, these vectors were. located 1 mm

.

>}
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below the substratum! However, since that is impossible, their

negative position on the Y-axis is probably due to imprecise orientation

of the prism. o

1.4. DISCUSSION

1.4.1. Larval orientation

, \
o Black fly larvae need a minimum rate of flow in order for their
fans to remain'open against the current (Harrod 1965). Rate of water’

flow to which fans are exposed depends on the site of attachment

selected by the larva and height of fans above the substratum. Height

of féns above the substratum is dependent on two factor: /
1. the degree a larva rotates itself a2.cind its
longitudinal axis, and
2. the amount the larva is}deflecte; bf the flow of water.
Larvae are usually réported.to ratate 180° around their .
Iongitudinal body .axis (sect. 1.1.1.), h;wever, a rotation of 180°

"y
is not always necessary in order for a larva %f hold its fans facing

[y

the current. Larvae can rotate in either direction (fiés. 1417, 1.18),

and rotation is an active process. A larva rotated 180%holds it;‘fans
) higher above the substratum than if it were rotated léss than 180°.

The influence of the degree of,;qtation on rate of watef flo& to which

fans are exposed is limited to the velocity gradient within 1 - 2 mm

uw above the substratum.

PO
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[ J : .
With the fans extended away from the body when filtering, l&rvaeJ

w
<k

reduce the influence of the body boundary layer on water flowing
’ o
through the fans.

i
i

The amount a larva is deflected is determined by rate of water

flow. The angle of deflection is a measure of drag force on the body.
] _

. !
It is also dependent both on rate of water flow and . 'ze and shape of

the larva and degree of larval rotation. Drag on i “ody is calculated

v

as: . : /
D = DUACd

where 'p' is the density of water, 'n' is tHe rate of water

/
flow, 'A' is the critical area, and 'Cd yxs the drag coefficient

1
-t

dependent on the Reynold's Number In this case, the‘critical area,

'A', is that area Sf the body facing the current and is dependent on
l

"~ the angle of deflection. As the rate of water flow/ 1ncreases the area

the larva exposes to the current decreases. Thus he 1ncrease in angle

/

of deflectlon counteracts the increase in drag whlch results. from

4 i

exposure to a higher rate of water flow- /
o v S
' /

In the same way, the avoidance reaction of larvae reduces drag.

v

In bringing its body down to the substratum, a larva not only avoids o

faster rates of flow, but also decreases its crltlcal area.
/

T
i
i '

 Over the upper range of Reynold's Numbersffor black fly larvae
drag developed on a body is proportlonal to the square of the rate
of water flow. Thus when the Reynold s Vumber is higher than about
100, the drag a larva must withstand increases at a slower rat. than

the rate of water flow.

&
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At lower Reynold's Numbers, below about 1 - 30, drag developed '};:
over a body is directly oroportlonal to the rate of flow. Thus, at
i L
these Reynold's Numbers, occurring when larvace are small or the rate
of flow is slow (about 3 cm/sec),i}he drag a larva must withstand

increases directly with the rate of flow.

The theoretical relationship betwe&n the angle of deflectic. :nd

water flow is not demonstrated in the'velocity.profiles Tﬂg’larva of

~#23 (fig. 1.23) was exposed to a slower /eloc1ty than" that of #22

(fig. 1.22), but was deflected a greater aqouét. However, the plots

of angle of déflection against water flow of Velocity profiles #lé, #19,
and #23 all fall within the distribution of plots of apgle of deflection!\
against rate of water flow (sect. 1.1.3.1, fig;;l.S).(v . ’\{,

: . .
Varlatlon of angie of deflection of larvae ‘exposed to SLmllar

velocities is due to variatioh in size and posture of larvae and error
in measuring the angle of deflection. . The angle of deflegtion is

measured only in the plane of the direction of flow of the md;nstrea#*\

- " F o
o

and’ 51de wall of the : flume. Dlrectlon of flow and larVal orlentatlon

may also be along the Z-axis.
Larvae differ in size with age, and to a -~ szer extent, with
speelgs. The size of a larva influences the'émQunt theilarva is

L

-

deflected Larval posture varies and-larvée cénihoid their heads,in

-

several positions (sect. 1.3.1L.). These fad;qrg probably account for

dlfferences in feeding posture between larvae of dlfferent species

exposed to the same velocity, reported by Kurtak.(1973lt}, -

*
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<%
.

i ' ) . " = e . C n
S Thus, larvae passively reduce drag on their bodies while opening. .

..\.

their fans against‘faster flowing'water above' the boundary layer.

Y

\

_ The passive nature of larval orientation is supported by
obéervations of dead lafvag which remain attached and deflected by

the cdrrent (Grenier 1949; and pers. obs.). However, live larvae

v

. . ' . L Y
i are capable of holding themselves erect against the current, and do so,

immediately before and after changing their sites of attachment - B

(Grenier 1949, ‘and pers. obs.). . o

The“goundary layer around the l'arva_l body demonstrates the
:\\ 'restriction of mixing of materials between the boundar? layer and

areas of faster,ffpw._ This phenomenon is also demonstrated by the
574 ’ B Teowe '
- scarcity of aiuminium flakes recorded in the boundary layer over
the substratum. At heights above the substr i which larvae v

v
{ -2

filter, water flow is more rapid and transpo: -eater concentration

C

i, '~ of particles. o IR o

L

iy

i%ksfﬁiiariy'

v "

"‘Mixing of materials othegnthan,élumin;umAfiakes

3

N e
[ Q;J‘OJ

- W W . o

restricted.. This is important in-relation “to control, programmes
o L N LemN . - X P Lo

17

(Xl

: T 1T e A S . . i :
. because the amount of'gnseéggcide'to-Which larvae are actually exposed
. : E IR o

-~

G
Y \

CoL : : . pl \‘ .
ttis far less than that glspersed,in water ,just above the larvae.

v

. "1.4.2. Flow profiles arcund larvae ' ' ;

' Turbulence demonstrated(in figs. 1.7.- 1.9, 1.11, 1.12, 1.14 and
1. 17 is typical of flow patterns to which larvée\Were exposed. S

N . . 3 —

Al - L e

L R
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fans is dependent on ratc of water flow.

: through ah,

the subétratum ' i' S ': ' “‘“Tk;

'the flume.

‘medlum of flowf

(X e,

o ‘ b @ : 64.
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Observatlons of Trivalleto and Decamps (1968) ?Sd Kurtak (1973)

show that eddy formation downstream’ from objects, and flow through

'

x 'The upWards direction of

downstream - from larvae increases

turbulence

m1x1ng of materials’ in this area. Filter-feeders downstream from

LTM

' .populatlons of black fly larvae must beneflt from this turbulence

%u

nerease ln‘agailable food supply.

B ) . v ‘ﬁ
R4 ; &1‘ : ) ) "

. This gyenomenon is an important factor in the distribution of
G, 9

larvae over the substratum. Larvae of ° gsome ™ species occur

L
Sy . ) . ‘
N 1 ) . . 4 . .
maséggé This bunching of\l&rvae increases the, concentration

\

: of food available to larvae downstream, and compEnsates in part for

- "2«.‘ 3.

" the low level éf m1x1ng of materlals 1n the slowalowlng water along

]

The dlstrlbutlon of blurregxgtreaks and vectors (sect 1 3.1.2,

& “ui-f R

: flg. 1.9, l ll) around larvae is determlned by theupatJern of flow in _

The pattern of flgw around an object 1s*ﬂeterm1ned by

<

o ..r'

These factots are%

O ,n . ,../ \"#

rd

vicorporated in the Reynold s Number.

& “ﬁTurbulence danstream from the larve'ls characterlstlc of patterns of

o

‘to between 2 x 105 and 2

whlch flow is more or less lamlnar

. N &

flow around an object w1th a Reynold's Number randlng from: above lw

710 (alexander 1971}. -The flow separates
as’it passes an object, and flow Qver the upper.surfhce of the object

B

is smooth. Flow close to the oﬁ?ect lS almost as fast as flow further
)

—_—

; ablty 1s in the boundary layer, in

Ly
e 3

. Water "Flow in these condltlons,

4

away, thus the main gradient’ of

» (,
forms a. wake of eddies downstream from the obgect‘(Alexander 1971).

o o . 2 e

{2
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: boundary»layer is poorly defin

above‘@e substratum in'a gradlent g There‘is nd :\'sharp'dii/ision . ¢ .

65.

Thus flow downstream from a black fly larva conforms to the

4

j . .
pattern”of, flow around an object with a Reynold's Number calculated
here for ;black fly larvae. The lack of mixing between the boundary

layer.and flow further away; illustrated in fig. 1.16, is character-
istic of laminar flow.

Drag on @ body in this type of flow pattern is partly due to
the v1Sc051ty of water in the boundary layer and partlyzgue to 5he .
changed momentum of the flow1ng water (Alexander 1971) The latter

o .
component of\drag is gﬁFatly‘reduced by Streamlining.

co e -
n . =

',

Because flow of the‘malqgtream lS not really lamlnar the'

alumlnlum flakes were dlspe:&%? u@ﬁﬁ%nlygand the\numbers of readlngs
B

on whlch“yectOrs are based varlés Vd?latlop in velocity at the

o }) )‘j‘
same heaght above the substratum is partly diie ‘to nOnlaml ar flow,
Ay N

4‘,,,- “

and is partly due to presenoe S the larva.m In the"3—d profiles,

a Wy

the flow pattern is also lnfluenced by the presence ofgthe prism, ﬁ

Tf' \1 1"’ ‘l. ”

The b¢und3ry layer over the substratum 1s~§ecognlzed!by slow j

o

&

Locd ty 1ncreases,with height -~ ~

'

Pl

betwe the boundary layer along the substratum and flow above the
& ’ N q
substratum. Vectors less than 1 mm above the substratum arg 30 - 60%

slower than those 1 3 - 1. 9 mm above the substratum, and 50 70% ﬂ“ ‘

v

L

slower than-those 3.2 - 4.5 mm above the substratum. On’the basis of ki )

the distribution and magnltude of vectors, the boundary layer 1

'estlmated to be less than 2 00 mm thick for the proflles considered here.

e

Lo

. rates of flow and the scarc1ty of vectors. The upper Jimit of” *‘ﬁ;@"

\



1.4.3. vVelocity profiles around larvae

| : . : (f'w:.

. =X
Rates of flow measured by the velocity profiles are “lower than

those reco: ied by the midget current meter. However, with one
exceptior in #18, the twd“techniques are COnsistent both recording

similar ates of flom. In profil

(£1g l 18), the vectors record

\»,,M » ”

a hi rate of flow than thatj"fbi'e other ' 2-d prolees, and the

mid: current, meter recorded a slower rate of flow (table 1.1).
: o
N ‘ ) - ¢

The midget current meter prov1des recordings of faster rates of

flow than the veloc1ty profiles for the same flume condltlons because

, -

the current meter measures flcw/yver a4 greater area, 1.5 ¢m, the

e

dlameteraof the paddle} -In these studles, veloc1ty proflles determlne

the rate of flow over a helght of & mm above theé substratum and do not’

s

3 ‘ i g:;) v
4.5 - 5.5 mm above the substratum record veloc1ty as much as 10 cm/sec

i

it
e

slower than the current metér“exposed to the’Same»qume conditions.
N . * . . ’

,hn exceptionjgccurred in the 3:d profile, #22, in which vectors record

a’faster velocity (table 1.1.).
A ' h . e

n © The midget current meter is not sufficiently accuraté to record

>

. . 5
microcurrehgg in the vicinity of black-fly larvae. Velocity profiles -

‘give more detailed and more accurate measurement of flow in the
‘ ’ N . 5 ' °
[T 9 - o L ° . - . . .
¢ o immediate vicinity of larvae,, for example, within 3 - 4 mm &F the
Y 3

.
4

/
swbstratum

R ~ . .
Q . ot - - ¥ , ) o "
- PR -~ . . o .
. W .} ’ ¢ Co . Co

s

o | Thefveioérﬁy‘gradienb and boundary layer are better represented in
.. . . . , .

the 2-&'velodity profiles than in the 3~d profiles. Areas of turbtil_e'nceig(j;;{’;a{"

~ . . ar

. T
1ncorporate as much of the veloc15v gragﬁknt. Vectors at .a helght of




)

areTy

o {
’ ‘selected by the computer programme, and is adjustable.

v

are also better represented, however, the distribution of vectors,

and thercf@pe measurement of ve10c1ty, is less detailed.
SRR

The 3jd profiles provide more information on the distribution
of vectors because the position of each vector ié provided in two
aifferent views. However, hecause only the peths of flakes of'\
aluminium travelling parallel.to both.the film and the vertical surfaceﬁ
of the pr .+ are used for 3-4 énalysisﬁ.fewer readings were available

for the 3-d profiles.  In turbulent areas, in which direction of flow

was continually changing, wery few vectors were recorded.
i G

¥%he precision of measurements provided by vectors. in 3-d profiles

L

is not necessarily lower than those of 2-d vectors, which are based on

more readings, because the 2-d vectors are based .on readings spread

over a greater area of flow over which there is a gradient of velocity.

' “The area over which readingSQQEre averaged. and vectors calculated-was

J e

- I.J,A;, . fg’*' w'/‘j’é» o 4q

. b

#.
A dlsadvantage of the 3-d proé;les rn comparison w1th the 2-

proflles is the requirement that the two views be filmed 51multaneously.

Each framé of the film must include both views, and this is possrble
ey . . 1 . ‘ )
only wit?fa smaller scale of maghification (fig. 1.15.). For this

Y

reason,3 files 1nc1ude a smaller area around the larva. g
o B . . ~ ’ —_— .
Turbulence is Iess well" represeqted in vector anflles than in ,j
N \
the flow diagrams. Pathgugi aluminium flakes in turbulent flow are
e

oﬁly rarely,represented as a series,of dots-suitable for computer

analysis. ‘ 4 N ,
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1.4.4. Discussion of technique
1.4.4.1. Sources of error 'in velocity measurement

A basic assumption of e technique- is that the movement of.

aluminium flakes ié the same’as thav¥ of the water. However,.the

.

presence of one flake of aluminium influences the movement of another.

Collisions between fl&ﬁes tend to retard their movement through the - DL
' i Y 3 .

ity

water, and the more concentrated the aluminium suspension is, the

greater these  influences become. In addition, the aluminium flakes wy 4
ﬂ L. B

tend to settle out of suspension. Errors due to thesé factors are’

negligible when considered in relation to the intrinsic variation % G
. - L . - - -~
of the flow under study. PR ; ' ‘
. " N SR R SR e
¥ The reference\@riQ»dn which the larva attached itself is

v
‘ -

s

essential for idéﬁtifyiﬁé the two paths>of'each aluminium flake in the

3-d viewsf, If the ¢ m‘is‘nét oriented cbrrectly, the prism image is g

; ) o
‘.w\ o ‘

-

'skewed and thlS 1dent1flcatlon b%$§§an dlfflcult. The profile of

a skewed prlsm 1mage does not represené -a true lateral v1ew of the ~
actual image, and "3-a veldeity . zasurements are then biased. Becéuse
of the shape of the accessory'lens there is some distortion at the

- &
margins of the prism image on the cinefilm, . s ke

' X g il . .. . A
The accuracy of velocity measurements of Eﬁgg:lnefllm is
&

also 1nfluenced"Y‘the orientation of the camera, the accessory lens

and“the pléexiglass disc. If the cinéfilm, lens, and disc are not

parallel to the'Boﬁtom of the flume, there will be distortion in

- . e

ﬁéghification. Because of the optical properties of water, flakes

Ei%méﬁ'through different dépEﬁqﬁ?égwater wiil be differentially magnified.

\ ) - - « =
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A

-

However, the distance betwecen the film and the larva is sufficiently

.

great that the paths of light between them are parallel, and the
effect of differential magnification and of any variations in thickness

of plexiglass are negligible.
-

The depth - © ocus 1so influences the accuracy of measurement,
‘particularly in the 7-d -tem in which “the larva was close to the
: side wall of the flume. Veloc1ty of water increases w1th increasing

dlstance away from the wall of the flume, so that water passing behind
. Y *t-

the larvae moves fasternthan water pass1ng between ‘the larva and the

flume wall. The depth of fleld in the 2-d proflles is approximately one
ﬂcentimeter, so the vectors are averages of paths of‘alumlnlum flakes

Pl

flow1ng in that volume of water descrlbed by selected coordlnates ipd:
' ' : Lo e

..a depth of one: cehtlmeter

Ilkﬂ ~
\‘ . . Wy v S .
SR él.4.432yﬁ‘Advéhtages'andgdiSadvantagesvofpthe technique

& N

. o L
»

Tk

Numerous measurements can be made rapldly and accurately w1th
9 L g

©a dlgltlzef | The same p01nt €can- be measured to Wlthln '37.10 mv, or
0.209 cm for the X ax1s, and O 218 cm for the Y ax1s. After correcting
A_for the magn1f1cat10n>factor, ‘these readlngseghve a varlation of 0.040 .
- _ .
imm - 0.060 mm for e‘sh point on thé 2 3 fllms, and 0.075 mm - 0.190 mm
»
for each p01nt on the- 3-d fllms Because of this varlatlon, higher
magnifications and longer paths of aluminium flakes (slower film speed)
allow a greater aCCuracy in measurement. Veloc%ty readlngs from the "
3-d fllms, espec1ally those of the prism v1ew, are therefore not as

.accurate ae those from the 2-d fllms, and ‘the 12 fps film glves greater

apcuracy than the 24 fpe film.

o
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Larvae are sensitive to experimental design. They are
J . vy * .

sensitive to mechanical disturbances in the room as well as in the
-~ I M W N
v . ”

flume, and they are disturbéd by the stroboscope. If the alumipium

s
bt

suspension was t concentrated, larvae frequently chaﬁged their site
P of q

of attachment, reghiring a rearrangement of the eqﬁipment.

The technique is limited to the laboratory. Flow patterns
AN ’

a .
studied are greatly influenced by laboratgry conditions, including the

dimensions of the flume, the presence of the prism and form, and the

3

site of attachment of the larva in the flume. 1In addition, the results

are not immediate; the film has to be developed and then analyséd.

(W

.The main advantage of the technique lies in its accuracy which is.
far greater than that of other types of measuring techniques. The

technique is flexible. Conditions of flow can be determined to a ,

large extent by lggyﬁé 1Yy conditions and flume controls.

A



71.

1.5. CONCLUSION

In lotic environments the boundary layer is a benefit to benthic
organisms because the force to which these organisms are exposed is .
reduced in the slower rates of flow. However, the boundary layer is
a potential problem because the reduction of rates of flow also reduces
t:ansportation ahd mixihg of materials vital for survival. For black'
flyvlarvae and other animals depending on.movement of water for food *3;

supply -and oh dlffu51on for excha?%i of gases, the boundary 1ayer is YL

potentlally lethal.

@ .
LY

" Most of the body of black fly larvae when they aEg:ﬁiiterlﬂgf
and all of the body when they are exhibiting the av01dance reaction,
is contained within the boundary layer; and larvae benefit from the

reduction in force to whiq@ they are‘exposed. This reduction, in
3 o
conjunction with the energy-econcmic mechanism of attachment, enables

black fly larvae to survive in fast flowing waters which are too

severe for some of the other benthic animals. - ’
[ ‘J

Black fly larvae require adequate water~flow for their pa551ve

, .
9 E

filtering mode of feeding. 1In selecting areas of substratum where,

-
[y

flow is rapid, larvae choose areas where the bOundary layer is

thinnest. Thus larvae avoid potentlal problems of insufficient rate

_of exchange of materlals, and ensure; that their fans are - ossed to &
el
water flow fast enough to provide an adequate food supply. 1In areas

LAY

‘where the boundary layer is thln, flow is fast and tends’ to be smooth,
. 4 - 3
fac111tat1ng the fllterlng activity of the fans. o )

*\ - -‘ - . . . o . e



The control of the angle of deflection of larvae by the current
is an éutomatic adjustment to the rate of water flow. Through this
passive body reflex, the critical area mf the larva and hence drag

‘ on the body is reg .ated. Both drag on n larva and the angle of

F
deflection increase with increasing rat es bf flow, However, with

increaSing angle of deflection, drag on the larva is reduced because

the critical area is reducedband the streamlining of the body is
increased. The height abgve the substratum at which the iarvae hold
their fans is primarily determined by the angle of deflection. Rate ’
of water fiow influehcgs streamlining, and hence drag‘on the larva, &:}

as well as ﬁhe level at which water is filtered.

* The ‘influence of angle of deflection over rate of water' flow

-

filtered by larvae is limited. Larval seléction of site of attachment -
o g

has a greater influence on rate of flow of this water.

W
) ;t‘v . R
One conoequence of p&ﬁ%&vq feedlu behav1our is the unselected

o~

nature of larval food. Laf%ﬁaitelect food only on the ba51s of size

(Chance l970a).' Thus they lngest much 1ndlgestable materlal whlch they
must pass throﬁgh their guts. However, recent observaﬁions of larvae
feeding on colloids (Wotton 1976), organic material attached to the _
surface of inorganic particles (Cummins, pers. comm.) and earlier . —
. . 7 k] Y Ay, ‘: ‘;\.' ' : . "r ) )
observations of larva%'feeding on bactefia (Skddeen 1960, 1964) indicate

that mugh of the appa:ehtly useless ingested material méy in fact supply

Ny . T R

larvae'with/food.

a second consequeaee—of pass1ve fllté;”feedlng is the low level
' 'QJ . . f . \
of filtering efféxlency. Larvae‘trap only a qmgll amount'of availabie—

iy
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material (Kurtak ;973, and sect. 2.4.4.). However, the low level of

efficiency is compensated for by a low “éxpenditure of energy during

[

'iy The photographic technique of measuring velocity profiles
provides more accurate measurements of r%tes.of water flow than
commonly used flowmeters: and in addition, provides information on
direction of flow and distributioniof turbulencef It al;o provides
a permanent record of velocity profiles. The technique“can provide

valuable inforhation on feeding behaviour of the larvae, measurements

of flow of water filtered“by the laivae, and the pattern of dispérsal

'of-particles, as for example, of food or larvicides, in the vicinity

o

-

of the larvae. - ’ , i S
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2.0. FEEDING BEHAVIOUR OF BLM

2.1. LITERATURE REVIEW

s
Jgrgensen (1966, 1975) comprehensively reviewed filter-feeding

v among invertebrates, with emphasis on marine animals. Filter-feeding

by stream insects was reviewed recently by Hynes (1970a, b) and

-

Chance (1969, 1970a). Grenier (1949) reviewed in detail early works
on larval simuliid feeding and made significant contributions to the

%
knowledge of thevbiol,ogy of larval black flies. The most important » m
: -0 : 4 . P

early works of filter-feeding among larval black flies are those of

Naumann (1924), Puri (1925), wWu (1931),.and Fortner (1937). Important
o o
works on the biology of‘larval'black flies and those especially concerned

- :

w1th feeding behav10ur are Peterson (1956), Fredeen (1959, 1964),

Carlsson (1962, 1967), Maitland and Penqu(l967), and Gl¥tzel (1973)
‘ LT -
Ladle (1972) and Ladle et at (1322)'stud1ed fllter—feedlng in

relatlon to product1v1ty of black fly larvae., Neveu (1972 1973a, b, c)
a .
has recently completed a lorg term study on the blology of several .

spe01es of black flles in mountaln streams. Kurtak (19f3) studlec'lxgr

detail the structure of the‘Cephallc fans and larval feedlng behav1our
» . . N W o

of several species of black flies. He was primarily concerned with |

14

\

the influence of current and type and concentration of particleé on

~ o N
. .

feeding effie;ency of/the larvae. Elouard and Elsen (1975) stud:ed" f

-

‘the rate of ingestion of larval Slmullum,damnosum.. They showed that ' '
/ Y s ‘, ’ ‘e ’ - '
¢ ' rate of . ingestion varies with instar-and was dependent on veloclty and

conceéntration of particles.
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- Chance (197Qa), Couvert (1970), Craig (1974),and Davies (1974)
studied the structure and function of the cephalic fans and mouthparts
of larval black flies. Black fly larvae are passive filter—feeders,
i.e. they rely on the current”tc transport their food to them.

Larvae filter particulate*matter'frcm the water using specialized
feeding appendages catled_cephalic fans.“.Typrcal of passive filterere,

larvae are unselective with respect to duality of food, and ingest

- anything of suitable size (Chance 1970a). Recently, thton/(l976)

showed that larvae ingest particles of colloidal size.

(4%}
The frequenciy siz?iistribution of ingested material differs

betqggn spec1es studied, but these differences are not related to

R
anatcmlcal dlfferences of the feedlng apparatus (Chance l970a)

MQrPhologlcal dlfferencee.between Cephallc fans of Sin_EEEEEQS-arQ.U

. ]
\»1 " &

related to the current regime of the habltat (Gﬁenler 1949 Lewis 1953,

o

Kurtak 1973) and the nature and abundance of partlculate matter ,f

”arlsson 1962).
. n M ,
FlLter—feedlng hy blick fly larvae is: qulte automatlc Larvae
. SR - \
contlghe “to feed 1n the ahsence of partlculate matter,lfor example, 1n

<

dlstllled water (Eav1es and Syme 1958, Mah51ngh et al 1972) and\i;}teréd
“J

o q

water (Wu 1931 FOrtner 1937) +-They are con51dered to be contindous

—

feedera.(Ladle et al 1972). \

| Slmullum Vlttaﬁam feed at all tlmes of théﬁday (Kureck 1969, Elouard
VR
and Elsen 1975 Mulla and Lacey 1976), and there is. no’ c1rcad1an rhythm

Larvae of several spec1es, 1nclud1ng E
. B s

-of feedlng (Ladle et al 1972 Mulla and Lacey 1976). However, Elouard"

and -Elsen (1975) found that larvae of S. damnosum 1ngested at a faster

N



y. | s

rate at night than during the day.‘ Other workers also determined an

N

increase in activity of larvae in dgrkness (Chastqn 1968 Elliott 1967,

)

1969, 1971) and this is reflected in an 1ncrease 1n their numbers in
the organlc drift at nlght (El&lott1967 1969) adult black flles

also exhlblt pCIlOdlC behav1our5n(Wolfe and Peterson 1960, Corbet 1967,
. :

Kureck 1969,'Raa$tad and Mehl 1973).

, -

Velocity affects the function of the cephalic fans'(Wu 1931,
le L 23

Fortner 1937 Harrod 1965, Kurtak 1973) as twell as feedlng, by -
flnfluenCLng the avallablllty of food - (Fredeen 1964, Glbtzel 1973,

Neveu 1973a,vElouard and Elsen 1975,~Mu11a and Lacey 1976).

P

_ Concentratlon of partlcles and dlfferences in types of partrcles

\ ','0
I
also influenqg'ﬁﬁe rate of 1ngest10n by larvae (Eﬁedeen IQﬁA, Gl&tzel

1973, Kurtaa%lg’/s, Elouard and Elsen w1975) K

4 The . lnfluence of temperatufe on feedlng of varlous species Has

SN

. been studled by Ladle‘et al a97zn Man51ngh et a§ a972L Webster (1973),

‘Kurtakuﬂl973), Becker (1973),and Mulla ang Lacey (1976) They showed -

that 1ngestlon tends to 1ncréase Wlth 1ncreas%ng temperature./ Webster'f rJ', 'é“

1
1

S ¢ v
" determined a maximum rate of feedlng at 20C fgr»slmullum Vlttatum ‘

l
~larvae. Larvae feed at temperaturbs of Sc -T;SC (Webster 1973) and
L : ) L q .
survive temperatures’as hlgh as 33C (Fredeen '1959) . Ladle f1972) %
'. ) lwb\ N
found a minimum rate of feedlng at. 5C - 8C for larvae of S}maglum.r

—

equinum and Simulium ornatum."HoweVer, betudenssc = qu,
N d -

.

had no effect on feedlng rate. Man51ngh et .al (1972) shf

1arvae of Pr051nu11um spp. feed very llttle or, not at ail ZE“££5921$g/ R

temperatures (1C - 4C), and that a351m11at10n of food/waS# reatly

o R

76, -

I

3
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'
Yo

reduced at low temperatures (4C) but increcased with increasing

temperatures up to 9C.

\

’

Rate of development of larvae is correlated with temperature

(Sommerman et al 1955; Smith‘1969; Neveu 1973a, b; Mokry 1976). Longer

T , : |
development pé;iods result in larger individual larvae and adults.‘

The largeiujiylts are provided with larger fat bodies and in some

species are autogenous for the first ovarian cycles (Rubtzov 1965, Neveu -

1973a). Mokry (1976) observed a wide range of rates of growth of

individual larvae of a laboratory population of Simulium venustum.

A
4 ‘/

6bservations on>overwinterin§ populatiéns of larvae of several
species show that~larvae continue to grow during the winter (Davies
'i961, Lewis.and Bennett 1975, Thorup 1974), however, groﬁth may, be
retarded (Davies and Symef1958, Peterson 1960). Mansingh and Steele
(1973) studied overwintering,/or dorm;ncy ('oligopause'), among larvae
of Prosimuliwn myaticum.Temperature—reguiatgd dormancy occurs at

temperagures below 4C and is terminated rapidly wheﬁ'témperatures

rise above 4C.. Dormant larvae have a greatly reduced rate of growth.

L]
]

. o . .
Davies and Syme (1958) determined that the rate of growth of

larvae of Prosimulium mixtum and Prosimulium fusqum differed, but that

<

b .
there was no relation between rate of growth and temperature, water

flow, or amount of suspended material in the water. Fredeen '1964)
showed that' rate of growth was dependent on level of feeding, which
was not aependent on age of larva, but was dependent onApopulation’

densities and amount of foo” available. Ladle et al (1972) reported

IR0 1 e St ] i inE



78.

that feeding activity varied with species and site but that there was

. no measurable differences of rate of feeding between séécie$ or size

of larva. However, other Qorﬁers have demonstratea differences in

raée of feeding with age of larva. vElouard and Elsen (1975) demonstrated
a direct relationship between rate of feeding and age of S. damnosum
larvae, and Mulla and Lacex;(1976) sﬁow an inverse relationship

.. B

between rate of feeéing and age of larvae of three .. .s. They also

found differences in rates of ingestion between :pecios. artak (1973)

stated that the rate of feeding varies within s+-'dial 2er o>d.

Sommermén et al’11955) reported that rate_of developmenﬁ is
slower among crowded populations. Anderson and Dicke (1960)
suégested that crowding reduééd*size and survival of larvae. Barber

8
and Kevern (1973) determined a higher proéuctivity of black flies
exposed to low or moderate food supplies than black flies exposed to
higher food supplieg. ‘

A number of workers havefheaéured the amount of materiai.ingested
by larvée, either by meaﬁyring the réte of gut*filling‘(gut retention
time) or by determining tﬁe dry wsight of material ingested. Recorded
times larvae take to f£ill their guts vary from 20 - 30 minutes (Naumgnn
1924, Fredeen 1964,_L§§le et al'1972, Elouafd'and Elsen 1975, Mulla and
Lacey 1976),40 - 60 miﬁutes (Kurtak 1973), 90 minutes (Peterson 1956; c &
Eloua&d anq Elsen 1975) and 24 - 25 hoprs (Davies and Symé 1958):_ :

r

When exposed to large particles, larvae can fill their guts within 10

N

minutes (Chance 1969).
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Weight of ingested material has been measured by Peterson (1956),
Fredeen (1964), Schwoerbel (1971), Ladle et al (1972), Kurtak (1973),
and Neveu (1973c). Rate of gut filling or amount of ingested material
reflects the size and availability of particles as well as feeding
efficiencyl. Feeding efficiency varies with species, feeding conditions,
and age of larva. 'It'baries froﬁ 0.001 - 10%, although efficie cies of

0.01 - 5% are more common (Kurtak 1973) .~

2.2. MATERIALS AND METHODS

2.2.1. Experimental design

Fifteeh;féeding experiments were carried out on larvae of

Simuliﬁm vittatuﬁ Zett. Larvae were collected locally (Sturgeon Rivef,‘?

nr. St.'A%bért, Alberta) and maintained in battery jars (Chance 1970a)

wish an gmple sﬁpply of food: The day prioE to each feeding experiment,

la?vae ;ere added.to the flume (sect. 1.2.1.) and fed yeast. Before

each experiment, temperature, PH, turbidity, and volume of water were

recorded. Temperature ‘and pH were maintained within a narrow range:

9.5C - 10.0C (Pélmer temperature recorder, Palmer Instruments,

Cihcinnati, Ohio), pﬁsof 7.0 - 7.5 (Hach kit, model AL-36-P, Hach

‘Chemical Corﬁoration; Ames, Iowa). Turbidity was always less than 25 ppm,

the minimum value measurable using the Jackson Turbidimeter, a standard

4
1
Feeding efficiency (Kurtak 1973):

No. of particles ingested
No. of particles offered;

X 100
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turbidimeter. The volume of water in the flume ranged from 87 -
125 1litres. Tpe depth of the water in the test section varied »

according to rate of flow and ranged from 9 cm for slow rates of

flow to 7 cm for fast rates of flow. The water was always saturated’

with oxygen.

Feeding experiments'we;e cafried_out for three time periods: 30, .
60, and 90 minutes. Immediately before each.;xperiment, velocity of
the water was recorded'(sect. 2.2.2.). At the start of each experiment
a known weight of a synthetic particle (secF. 2.2.3.) was added to the
water in the reservoir. 1In 11 pf the experiments, a second colour of
synthetic particle was added 30 or 60 minqtes after the first; these
experiments are referred to as 'doubled’' experiments (sect. 2.3.1.,
table 2.1.). At the end of each experiment, the pump of the flume was
fwitched off, whereupon the larvae immediately stopped feeding. - All
larvae except those withid 3 cm of each side wall and 15 cm of the
entrance ;nd exit of the flume were collected and frozen until they
could be exapined. Larvae le§s~32§EEf/yalls and entrancé.and exit

of flume were not collected as water flow in these areas was not the

same as that in the centre of the flume.

To avoid any possibility of circadian rhythm or fluctuations in
activity influencing feeding behaviour, experimehts were always done

in the early afternocon.

For the duration of each experiment, the charcoal filter was

-

-removed from the reservoir of the flume énd to reduce turbulence in the
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flume,‘a éecond, éaran mesh, filter was inserted as a baffle, at the
level of the sluice gate. The sluice gate and saran mesh filter were
both 1 cm above the substratum. The tail gate was édjusted flush

with the bottom of the flume. .

—
t

Approximately 500 larvae from each expériment were examined. For
analysis,blarvaé were grouped into three stages of development: small,
medium and largé-size (Chénce 1970a). The pépulatioh of Simulium
vittatum studied was an-overwiﬁtering poéulation and was parasitized
by the nematode, Gastromernis viridis.WeIch, and by microsporidians
(sect. 2.3.2.). Because of the effect of the parasite on it§-hos;
(strickland 1911, 1913; Rubstov 1966) parasitized larvae are treated
sepafatelf from healthy Iarvae; The numbéf of me&ium parasitized
larvae in each experiment is tob small for reliable analysi§ and only

' ‘ |

large parasitized larvae ("Large P.")'are considered.

‘ . ‘ N
. As a measure of.ipgeétionl, I usedthe percent of total gut length
filled during the experimental period. This percentage is based on
%he position in thé gut of the first synthetic particle ingested, i.e.
the particle closest to the anus. The length of the gut is taken aé
the distancé between the hypopharyngeal suspensorizf/and the énus;
The alimen;ary éanal‘ané its contents were exgmined after the larvae—

were thawed, dehydrated in 95% ethanol for about 20 minutes and then

cleared in benzene. -

1 o - , }
Ingestion: Taking in of material into.the alimentary canal.

~
"
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Basxng the amount of particles ingested during the’ experimental

perlod on the position of the first particle ingested requires the
assumption that passage of material through the gut ie directly
dependent on rate of ingestion of subsequently filtered material. Other
works show that this aSSumption\is valid for larvae of Prosimulium
fuscum and Prosimulium ;ixtum (Davies and Syme 1958), Prosimulium
mysticum Mansingh et al (1972), Simulium ornatum (Gl¥tzel 1973),

Simulium damnosum (Elouard and Elsen 1975), Simulium vitfatum, Simulium
tescorum and Simulium argus (Mulla and Lacey 1976), and Culex pipiens
(Dadd: 1968, 1970a, b; 1971). Larvae of Prosimulium exposed to

distilled water at 9C took two weeks (Devies gnd Syme 1958) or longer
(Mansingh ‘et al 1972) to empty their guts. Similarly, Simulium damnosum
larvae- (Eloﬁard and Elsen 1975) and Culex pipiens larvae (Dadd 1968-

-1970a, b; 1971) immersed in distilled water made typical filtering

"motions, but their gut contents did not move. ..

" A’'second assumption is that the particle ingested first remains

the one closest to the anus, that is, there is very liftle if any

mixihg of particles along the iength of the gut. During the laboratory
experiments, I exposed larvae suddenly to high concentrations of new
and dlfferent partlcles, and the border in the gut between new partlcles
and partlcles 1ngested prev10usly was always dlstlnct, 1ndi¢ating no
mixing. Ladle et al (1972) found the same s1tuat10n among larvae of

S. ornatum which he exposed to charcoal partlcles in therleld ’ %@1

)

7 R : .
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2.2.2. Measurement of water velocity

To mecasure the velocity of water, I used a flowmeter that 'was an
anemometer (DISA Type SSDOS battery-operated, Canaden Products
Limited, Montreal) equipped with a hot film proﬁe del 1210-60W,
Thefmal—Systems Inc., Saint Paul, Minn.) designed for use in water.
Thi; s&stem is temperature sensitive and not linearized. I therefore
éalibrated the flowmeter at flume temperatu;es against Xnown velocities,
usiqg,a specially built container set on top of a kymogréph drum to
give accutétely known velocities (fig. 2.1). °This container was made
out of 15 cm long sections of 4 cm thick Plegiglas tubing with inner
@iameters of 18 cm and 27 cﬁ. ~These,yafé glued to a.piexiglass‘disc
30 om in diameter with the smaller §ec£ion inside £§e laréér ohe to
make a circular trough. when the kymogrgph drum was-rotated,;watér
in the outer compartment moved at a known velocity relative to-the_
probe, which was kept stationary. Gauze baffles aléng the walls of
the outer compartment kept the water-motipgless ;elative to the walls
of the cohfainer, as demonstrafed.by tLe use oflindia ink. The inner
compartment' was fillea.with mixtures of ice, salt, and hot or‘cold
water té maintain £he water in the outer comparfﬁent at flume water,
Atemperaéures, 9.0 - 10.0C. The probe was éalibrated ;y immersing it
in water in the outer compartment, immediatély upstream from a
thermometer; and rotating the kymograph drum. The velocity of-w&ter
in which’ the probe was immersed was calculated fro@ tﬁe speed of the
kymograph‘and tﬁe circumference of g_circle'with its radius, the ”

distance between the ‘probe .and the centre of the container.
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F}owmeter readings at an}kpar icular site varied according to
the orien?ation of the probe tip with spect to“direction of water
flow. Thés the flowmeter p:ovided directio al information as well as
rates af flow. Beqause‘water flow in ﬁhe fiume.ﬁas smooth and

1
regular, readings were taken in the direction of the mainstream.

The probe tip of the flowmeter is 3.5 x 0.5 mm, small enough to
measure flow in the boundary layer, and even record turbulence

immediately downstream from the larvae (sect. 1.3.1.2.). Using this

a

system, I was able to measure flow in the Gicinity of the larval heads;
water which the larvae were actually filtering. The velocity reading
for each experiment ié the mean of 15'readings taken over the surface
of the flume‘gt the level of the larval heads, which varied from 1.5 -
4.0 mm above the substratum, depending on the water velocity (sect.

2.3.1.).

2.2.3. Measurement of concentration of particles

-

To determine the influence of concentration of partiéﬁlate foodv
on the filtering behaviour of the larvae, I added differing amounts of
a synfhetic particle: fed pafticles (20 -~ 30 ym in diameter) and gree;_
particles (30 - 40 ym in diameter), 'Micronic Beads' (Ionics

—Incorporated,\Mass. ). Becguse black %ly larvae select food on the
basis of size| these plastic particles are an acceptable substitute
for food (Chance 1969, 1970a). . Since“the‘particles are brightly

coloured, uniform in shape and size, have a specific gravity of 1.0,

and are chemic 1ly inert, using them rather than an irregularly shaped
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particle greatly facilitates study of the filtering béhaviour of the
1 . .
larvae. Differences in sizes of the particles is too émalr_to

influence ingestion by larvae, with the possible exception of’ ingestion

. J
i

by small larvae (Chance 1970a). 1 oo
\1 -

7

To determine the concentrations oﬁ partlcles\tg w&gch larvae were
Faa '/‘/" -

exposed, water samples of 250 - 30d"ml were comlec 10 - 15

.\H'

»-\

minute intervals at the exlt of~¥he*flume Yhé e:samples were then

&N N
R

- -

filtered using Metricel® filters- aﬁtér which. th@Yparticles were

»”

?J

counted and the number of partlcles per ml calculated

2.3. RELULTS
2.3.1. Experimental conditions

The range of velocities to which larvae were exposed was limited\(\\\‘
by larval behaviour and flume.capacity. The sloweet velocity, .
3.70+0.90 cm/sec,‘yas the slowest flow in which larvae continued
normal filtering'movements. The maximum velocity to which larvae were
exposed was 34.75:2.75 cm/sec, the fastest flow in whlch larvae
continued normal fllterlng movements. At faster velocities air bubbles
produced by cavigation in the pump adhered to the larval fans and

mouthparts and appeared to hlnder normal fllterlng movements
\ - t

Four different weights of particleé of both colours were added to

the water in the flume: 0 05 g, 0.1 g, 0.2 g, 0.4 g. Since the green

partlcles are larger than the red ones, fewer of them were added per
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unit weight of particles. The concentration of particles in the water

decreased with time (fig. 2.2.). This decrease is due in part.to the

particles becoming caught in the sticky secretion proéﬁéed by the
larvae while they é{tach themselves  to the substratum. Particles may
also have been caught in.the pump and on the inner surfaces of the
flume. 1Ingestion of particles by the larvae ﬁay also have cohtribgted

to the decrease.‘

To estimate the average concentration of particles to which the

larvae were exposed for the dur;tion of the feeding periods, I Analyéed
the concentration of particles using ; model I regressibh (Soﬁil and
Rohlf 1969) ‘against time. A mean concentration of paiticles, (p] ,
is based on the mid-range value (Xmax/2) and the slope of the regression
Liﬁe (Append%x B). 1In experimeﬁts in which a second colour of
particles was added after 30 or 60 minutes, two regressions were

R v

carried/out, one for the time when only one colour of particle was
' : # ‘ :

bpresent and a second when both Oursywere present (Appendix B). The

two Y values were determlned or each regression 11ne and multlplled
by the maximum time (in minuffes) of each regression line. The two
products were then added and the sum divided by the total tlme {(in

mlnutes) of the feeding peridd. Logarlthmlc transformatlon of partlcle

!
concentration was applied if i proved the llnear regression llne. fﬁ

The average [p] to vhich larvae were exposed'ranged from less than

4 particles/ml tio 158 particles/ml.

The rate of reduction of concentration of particles was not the

same in all experiments. Slopes of regressions of [p] against time
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EXPERIMENI #15a
O MGM RED_PARTICLES ADDED

N - ' VELOCITY = 14,5 cM/sec”
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FI1G, 2.2, REGRESSION OF LOG CONCENTRATION OF PARTICLES WITH -
TIME, AS AN EXAMPLE OF 9 gUCTION OF PARTICLE CONCENTRATION
WITH TIME ( EXPERIMENT #15A ), o
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vary (Appgndix c). Differences in slopes ocbur because factors whichu
determine the slope of the line vary witb'experiment¢\~These factors
include: }).velocity, and therefore the carrying capacity of the wqﬁer
and mixing of particles after their addition to the'flume;*2) diff&riﬂ@

amounts of particles added to the water; 3) non-laminar flo&;in the

'

flume; and possible non—unlform dlstrlbutlon of paftlcles in the water
whlch .contributed to sampllng error; 4) varied duratlon of feedlng
'periods; 5) differing numbers of larvae and‘therefore productidnhof/
sticky>secretion among emperiments;'and 6) posgsible differences in

ingestion by larVae. There is no apparent relatlonshlp between either

sloﬁes of regresslon llnes or 51gn1flcance of regression and the
follow1ng 5 factors: amount of partlcles added to the flume, numbers

of larvae in the flume, avallabgllty of partlcles, average 1ngestlon
R
by larvae, and proportlon of larvae whlch fed during the experiment.

A larger proportion of the slopes of regression lines are significant
(P = 0.1 or less) in the longer experiments (Appendix c). . o
. e g : s o

~

For each‘experiment T calculatedaan’index of aVailabiiity of
.partlcles to estimate the numbers of particles to which ’arvae wer?
’ e#posed ' This index is the product of mean [p] multlplled by veloclty “';
for each experiment, and is rounded off to the nearest. lnteger, e’g. b S
experlment #6, 23.77 partlcles/ml x 7.29 cm/sec = l73 28 = 173 partlcles/ |
cm? /sec. ' - . ' C

" . °
'

' Experiments are'grouped according to their duration, and these
. . N \ . B

groups are considered separately. Because of the reduction of [p] with
| . . : .

1
-~
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time, the availability of particles decreases with time. A 90-minute
\

experiment with a mean [p] of S, for example, may have had [p] 's

of 10, 3 and 2 particles/ml during three 30 minute periods. Thus the

v/ . ; ‘
kevailability of particles over 90 minutes is less than 3 times the
X ' :

‘velocity-does not.

\ | |

availability over 30 minutes. |
|

Because .0of the automatic nature of feeding behaviour of larvae
an because [p] available varies with time, each part of the 'doubled’
experiments 1is treated separately, as single experiments. The duration

'

and mean [p] differs between each part of the doubled experiments, but

L3

4

Numbers of larvae in each class and total numbers of larvae in
the flume for each gxperiment are tabulated in Appendix D. With the
pbssible exception of experiments la and lb, numbers of larvae in the
£lume do not appear to influence ingestion by la;vae or the préportion

of larvae which fed. The proéortions of each larval class in the

‘totél flume population varied with each experiment, and the size of
|

larval class and numbers of larvae in the flumﬂlreflect changes in the
|

population of larvae maintained i$ ba;téry jars and in the field.

r

3



Water velocity, mean [p] to which the larvae were exposed and
numbers of larvae in the flume ‘are shown in table 2.1. Experiments’
are listed aécordisg to availability of éarticles and are-nhmbered
according to the sequence in which they were done. fhé ‘doubled’
experiments are labelled ‘a' for the longe; fegding period, -and 35'
for the shorter one. Because of influence of wate; velocity on

.
distribution of particles in the flume, higher mean [p]'s occurred

. "
only in fast velocities. '

Larvae which did not have any particles in their guts are

considered not to have fed during the experiment. In some_cases the
N :
proportion of larvae which did ﬁot feed is high (table 2.2.). For

this reason; these 'unfed' larvae are treated separately from those

that fed (sect. 2.3.3.2.).

Although particles of the size of Micronic beads are readily

91.

ingested by large larvae of s. vittatum, small larvae ingest particles

S '
with a mean diameter of 25 um approximately eight times as readily as

particles with a mean diameter of 45 um,and medium larvae ingest

N
'

particles with a mean diameter of 25 um approximately twice as readily

as particles with a mean diameter of 45 um (Chance 1970a).

a

To determ;ne if the difference in size between red ayd green
particles (diametersrof 20 ~ 30>um ané 30 - 40 um, resﬁéctively);
accounted for difference; in the percentage gut filled between
expériments, the avail;bility of particles Qas‘adjuéﬁed’by dividing
the mean concentration of green beads by 8 for small larvae,jand by

2 for medium larvae (table 5.3.). This correction reduced the

*



Table 2.1.
which larvae of Simuli

in the flume.

Velocity,

concentration and availability of particles to

wn vittatum were exposed, and numbers of larvae

Experiment Time Velocity [p] Availability No.
No. (cm/sec) *SD (particle/ml) larvae in flume
Y |
10b 30 min 5.0%0.9 3.63 18 770
5p 8.5+1.8 5.79 49 980
7 9.7+0.8 11.89 115 530 .
6 7.3%1.1 23.77 174 370
14b 3.7+0.9 44.63 165 1600
2 19.4+40.2 "13.73 266 450
1b 15.3+0.8 S 26.34 403 2960
3 19.0+4.3 35.15 . 668 520
8b 14.3+1.0 59.08 845 680
4b 34.8+2.8 36.50 1270. 520
15b 14.5%1.7 156.43 2268, 1500
’ 9b 26.8+2.5 114.74 3075 510
.12b 60 min 5.5+1.2 4.00 22 620
1l4a 3.7+0.9 23.34 86 1600 .
11b 17.2+1.0 8.80 151 700
13b 28.4+1.1 + 19,85 564 830
8a 14.3%1.0 53.10 759 680
9a 26.8%2.5 75.16\ 2014 510
" 15a 14.5+1.7 158.22 2294 1500
10a 90 min 5.0%0.9 6.88 34 770
12a ’ 5.5+1.2 7.02 39 620
Sa © 8.5%1.8 10.02 85 980
1lla 17.2+1.0 10.69 184 700 ‘
la 15.3+0.8 12.83 196 2960
13a 28.4+1.1 19.88 565 830
4a 34.8+2.8 31.25 520 i

1087

1

Weight of particles added are listed in Appendix B.

2

Rounded off to the nearest 10.

Ty



93.

. A, .
Table 2.2. Percentage of unfed larvae of Stmuliwm vittatum in

each class. &
Expt. Small Medium Large Large parasitized
30 min n1 % n % n % n %
1b - 322 81.99 410 48.53 63 31.74 229 7.42
2 ' 98 62.24 254 42.13 43 18.60 52 15.38"
3 110 64.54 342 23.39 19 21.05 29 10.34
4b 66 71.21 327 77.37 47 30.18 53 26.41 .
5b 97 50.51 378 17.94 37 8.82 45 6.67 5
6 12 - 250 16.80 37 40.54 58 13.79
7 43 92.86 344 19.19 44 20.50 38 26.08
. 8b 3@; 50.00 394 17.30 84 13.09 43 . 11.63
9b 5 - 369 21.35 81 18.51 37 13.51
10b 12 - 442 28.05 66 = .25.75 16 -

" 14b 5076 23.68 344 5.08 84 5.99 23 4.35
_15b 69 61.32 290 12.41 95 9.47 57 7.02
60 min

8a 40 55.00 394 9.90 - 84 13.51 44 11.36
9a 5 ~ 363 21.25 80 16.25 .37 12.82
11b 12 - 439 36.73 85 14.12 20 21.05
12b 19 - 417 31.49 83 19.28 11 -
13b 114 62.28 303 29.37 .65 33.84 - 37 10.81
14a 76 65.79 344 13.91 84 4.76 23 4,35
‘15a 69 33.33 290 6.90 -96 6.25 - 57 3.51
90 min
.la 322 61.80 410 31.71 63 46.03 229 13.97
4a 66 71.21 327 33.33 47 19.15 53 16.98
5a 99 49.49 378 12.69 37 10.81 45 8.89
10a 12 % - 442 19.23 66 21.21 16 -
1lla 12 - 438 12.33 83 - 4,82 20 5.00
12a 19 - 415 13.97 84 15.48 11 -
13a 114 36.84 = 301 16.95 65 12.31 37 5.40

1 n is ‘the total number of larvae in each class. \
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effective availability of particles to these larvae in most of the
30 minute experiments and all of the longer ones. However, although
small and medium larvae are less efficient in ingesting the lﬁrger
particles, interpretation of feedina behaviour is not affected since
the order of the experiments based on availability of particles is

little changed (table 2.3.).
2.3.2. Parasitism

Over 8,000“léfvae were studied, 11% of which were parasitized
(Appendix E). Most of the pa{asitized larvae were infected with the
Aematode, Gastromermis viridis Welch which occurred in 91% of large

v
‘parasitized larvae and 83% of medium parasitized larvae. Three .'y
parasitic étages of the‘nematode were recognized: i) small, transparent

juveniles; ii) large, white opaque juveniles; and iii) large green

juveniles.

Protozoan parasites were recognized as white masses in the fat

body of host larvae, and accounted for the remainder of the parasites.

None of the small larvaz appeared to’be parasitized.\ fnfeg;ive
stages ofﬁthe parasités are presumably too iarge to be ingested 5§f‘
.small‘larvae,'or are too sﬁall to be detected (sect. 2.4.1.). About
3% (157 larvae) of medium larvae, and nearly half (745 larvae) of the

v

large larvae were parasitized. Multiple parasitism occurred in both
' t . .

medium and large\larvae (Appendix E).
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Table 2.3. Availability of particles!, after adjustment
- for size of particle, to larvae of Simulium vittatum

- -

Expt2 Time Larval Class, ~
(min) ;
Small Medium Large, Large P,
10b 30 2 9. 18 .
5b 6 25 49
7 14 57 115
6 174 174 174
14b . , 165 165 165
2 32 33 266
1b 403 403 403
3 668 668 668
8b 105 422 845
4b 159 635 1270
15b 281 409 % 2268
9b 3075 3075 3075
12b 60 : 3 11 22 .
l4a 83 84 . 86
11b 19 76 151
13b o 70 282 564
8a. ¢ 390 548 759
9a 1606 1775 2014
15a 1302 - 1727 2294
10a 90 , ‘ 29 31 . 34,
12a g 26 31 -39 -
5a’ 1 71 77 85
1lla 95 - 133 184
la t 145 165 196
13a ’ L, 236 377 565
4a 717 875 1087 .
Particle diameters: 20 - 30 u; 30 - 40 u.

Listed within time according to availability of particles (p. 92)

¥



2.3.3. Feeding analysis
2.3.3.1. Feeding distributions

The frequency distributions of percént gu%vfilled within the

duration of the experiment are shown in Appendix F. |Several factors

El

contribute to lack of normality -in the shape of these frequency

distributions. Although Simuliu; vittatum ié a distin\t species, it

does hgve a high degree 'of .chromosomal inve;sion (Pastépnak 1964) and
kvariability (Downes 1973). Feeding may differ between sex of individual,
and . the sex ratio ﬁay have differed from 1:1 among the e;perimentsf‘; |
Feeding differences.during~intrastadial development, especially in anl
overwintering population when the rate of development is very slow, may
also be a fg;tor,“However, I have obﬁerved larvae filtering immediately
after shedding their exuvia. Kurtak (19735 states that feeding varies
within larval instar. The sometimes very high proportion of larvae

which do not feed at any one time may also contribute to the hétero-

geneity of the frequency distribution of percent gut filled.

Lafvae Qere grouped accordiné to whether or not they had
receﬁﬁly moulted or were about to qoulg} la?ge larvae were also grouped
'accofﬁing to the state of development of their pupal histoblasts.
Frequency distributions of thes; factors follow_Flbsely frequency
distribution ¢f percentage gut filled and do notvexplain any of the

" deviations from ~.ity in the distribution of percentage gut filled.

2.3.3.2. ‘ng results

1

‘Mezn per~er. <e cit filled t-.r larvae which fed in each class
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ig presented :in table 2.4. - In some experiments the mean is under-
esti&ated because some larvae filled their guts completely and may
have defaecated particles. Analysis of ingesﬁion by larvae which fed
was ca?ried out using 'Model 2 analysis of variance' (Sokal and Rohlf
1969) and Duncan's New Muitiple Raﬂge Tést (Steél and Torrie 1960).
Arcsine transformation of the éércentage gut filled was‘applied
(Sokéi and Rohlf 1969). Lack of feeding among larvae during the
experiments was anaiysed using tests of indepeﬁdence‘(Sokal and Rohlf
. 1969): Experiments are considered separatel; according to duration
of feeding period and the results, as follows: |
1) Ingestion among larval classes within experiménts
(figs. 2.3a - ¢).
ii) Ingestion within larval class among experiments:-
Large lérvae (figs. 2.34 - £) .
Medium larvae (figs. 2.3g - i) .
Small larvae (figs. 2.3j = 1).
Large parasitized larvae (figs. 2.3m - 0)
iii) Comparison of\ingestion after grouping the experiments:-
Groupiég‘a;cordigg to Qelocities:

r

- among larval class between velocities
- between larval class within velocities.

Grouping according to [p]

- - among larval classes béﬁween [p] 's
- be?weqp larval classes within [p] 's

iv) Ingestion within 'doubled’ experiments.
v)‘Comparison of mean percentage gut filled between larval
classes (using Duncan's New Multiple Range Test).

vi) Proportion of larvae which did not feed.

!
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Because of the high level of variation in percentage qut filled
within each larval ciass, classes in which 'n' is less than 18 were
considered too small for reliable analysis and were not included.
The mean arcsine of percentage gut filled of Iarvae in eaeﬁ‘class

is presented in Appendix F.

i) Ingestion among larval classes within experiments.

In most experiments there is no difference in ingestion (mean
percentagelgut fllled) between larval classes w1th1n each experiment.
leferences usually occurred when larvae were exposed to either fast

or slow velocity or high or low [p] .

In the 30 min-experiments (fig. 2.3a) ingestion by large, and
large perasitized larvae>was significantly different_in two experiments:
#6 (P*) and #9b(P**). In #9b, larvae were exposed to fast velocity \
and high [p] , and the parasitized larvae ingested more than' the
healthy ones. 1In #6, velecity and [p] were low,.and healthy lar;ee

ingested more than parasitized ones.

In experiment #lb, small larvae ingested reletively more than
medium larvae, and medium lap;ae'more than large larvae. Similar’
results occurred in #la (90-min experiment) between large and medium
v larvae, and large and small larvae (fiq. 2.33}. Differences in
ingestion between classes also occurred in the 30-min experiments #8b,
#14b, and #15b in which [p] 's were high (45 part1cles/ml or greater);

and in 30—m1n experiments #10b and #2, in which large larvae ingested

more than medium lar....
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l103. . v
In 60-min eXperiments (fig. 2.3b) differences in ingestion
occurred only between healthy and parasitized larvae; these differences.
~are not very significant (P*)., In #9a in which velocity was fast and
[p] moderatel§ high, large parasitized larvae ingested more than

healthy ones, but in #Sa, healthy larvae ingested more. o

In 90-min experiments (fig. 2.3c), differencés,occurred not only
in #la, but also in #5a, in which medium larvae ingested more than

small ones. In #S5a velocity was slow and [p] was low.
' . N

ii) Ingestion within larval class among expériments.

Large larvae. During 30 minutes large larvaé ingested most at
particle availabilities of 18; 115, and 266 (fig; 2.3&). Ingestion ((//
decreased with availabilities of 49 and 174, and with higher availabil-
ities‘of.668, 845, 1270, and 3075. Least ingestion occurred at an
availability of 403, in #lb. . During 60 minutes (fig. 2.3e) large
larvae ingested most at‘;vailabilities of 86, 151, and 759; and less
-at lowef_(éz) and higher (2014) ajailabilities. 'There?was no'signifiéant
difference between inéestiqn at availabiiities of 22 and 2014, ahdAat
availabilities of 56 and 2014. Dufing 90 minutes (fig. 2.3f) large

larvae ingestgd most ‘at availabilities of 34 and 184; less .at 85; and

least at 565 and 1087. Agéin, ingestion during #la was'exceptional.'

In general, large larvae ingested optimally at availabilities of
100 to 200, exceptionally at 18 (#I0b) an’ at 759 (#8a). They ingested
less at low and high .availabilities in which either [p] was high or

velocity was fast. They ingeéted least at high availabilities of

U
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2000 - 3000, and not well during experiments #la and #1b.

Medium larvae. After 30 minutes (fié. 2.3g) medium larvae
ingested more at ‘a particle avéilability around 115 than at any other
availability to which they were exposed. Théi; ingestion decreased
with decreasing avaidability (18, 49) and with increasing availability
(165f 173, 266, and 668). Mediuh-larvae ingested least at an

A S .
availability of over 2000 (2268). They fed equally at availabilities

of 403, 845, 1270, and 3075, when they were exposed to either high [p]

or fast.velocity.

Inge8tion over 60 minutes (fig. 2.3h) and 90 minutes (fig.‘2.3i)

by medium larvae was similar to that by large larvae, with a maximum

ingestion around an availability of 100 - 200, and decreasing with

highgr'availability. During 60-min‘expe:iments, larvae of both medium

Pl

-and large classes ingested well during experiment #8a at an availability

"of 759, and not very well during #13b, with an availability of 564.

This suggests that a velocity of 28 cm/sec and a [p] of 20/ml is less
satisfactory for ingestion than a velocity of 14.3 cm/sec and a [pr]
‘ s ‘ '

of 53/ml. Durinc 90-min experiments, medium larvae ingested more at

availabilities of 34 - 85 and over 200. Again, larvae did not ingest

‘well during #la.

Small larvae. Fewer groups of small larvae were available for
analysis. These larvae tended to ingest equally under a variety of
conditionst After 30 minutes, they ingested equally at availabilities

from 49 - 1270, ¢(fig. 2.33j), and ingested less at availébilities of
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of Simulium vittatum Zett, after exposure to a range of availabilities

of particles for 60 minutes.

-
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845 and 2268. As in other classes of larvae, small larvae ingested
well during experiment #4b, with a high availability, in fast velocity

and moderately high [p]

after 60 minutes ifig. 2.3k) small larvae ingested equally at
all three availabilities toi@hich they were exposed (564 - 2294).
After 90 minutes (fig. 2.31) they ingested most at availabilities of

85 and 196, and equally but less at availabilities of 85, 565, and 1087.

Large parasitized larvde. During 30 minutes -(fig. 2.3m) large

' parasitized larvae ingested equally at lowgr availabilities of 49, 115,
165, and 266, and at higher availabilities of 1270 and 3075. They
ingested less well at availabilities of 668, 845, and 2268. They
ingested iesé‘than might be expected?at availabilities of 175 (#6) aﬁd
-402 (#1b). These results suggest that lérge parasitized‘larvae‘are
mor: tolerant of faster velocities-and higher [p} . This tolerance is

also apparent in the results of #9a (after 60 minutes, fig. 2.3n) and

#9b, but not in #4b in which velocity was fast but [p] lower.

After 60 minutes (fig. 2.3nf large parasitized l;rvae ingested
mogt at availabilities of 86 and 2014, less at a&ailabilities of over
500 - 2294. After 90 minutes (fié. 2.30) large parasitized larvae
ingested most at availabilities of 34, 184 and 35; less at an
availability of 1086; and least at 196and 565. Again, as in the othef
larval classes, large pa:asitized larvae did.not'ingeét well during

experiments #la, b.
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iii) Comparison of ingastion after grouping experiments.

In comparisons of grouped experiments only .:ne factor is
considered at a time. Because the condig}ons of one factor vary
over the conditions of a second factor, and beécause both factors
influence ingestion, the comparisons are subject to bias. In a

*

comparison between inge-._.on by larvae exposed to twe conditions

| .
of one factor, for example, velocity, the conditions of the second

.

factor, that is [p] , may not be the same.

L)

& .
To determine separate influences of—~elocity and [p] on ingestion

by larvae, comparisons on ingestion were made after grouping experiments
according to velocity and according to [p] . Experiments were grouped
accogdiqg to velocity as follows:

slow velocity, less than 10 cm/sec.

moderate velocity, 10 - 16 cm/sec.

fast yvelocity, greater than 16 cm/sec. -
Experiments were grouped according to [p] as fcllows:

low, less than 20 particles/ml.

moderate, 20 - S0 particles/ml.

«» high, more than 80 particles/ml.

The limits of these categories were chosen arbitrarily.

Comparisons of inggstion between larval classes after grcuping
. . el
;Fcording to velocity:
Coﬁparisons of ingeStioq'by larvae in each class in experiments
gggugﬁd accogding to velocity show;,that after 30 minutes there are ﬁo

differences (P***) In ingestion between classes of larvae exposed to

slow velocities. Under moderate velocities, ingestion by larvae was

similar between classes with the exception of small larvae which
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ingested significantly less (P**) than other larvae. Under fast

velocities medium larvae ingested significantly. less (P*; than larvae

o

of other classes.

Comparisons -~f ingestion within larval class after groupin
p g9 D

©

according to velocity:
Within each larval class, at slow velocities, larvae ingested

equally at all availabilities ( (p] from 4 - 48/ml). At moderate

velocities, larvae of all classes ingested less at higher tp] (except

.in #la). At fast velocities [p] had no influence on ingestion with

¢

the’exception of ingestion by medium’larvae which was greater (P**)

O

when larvae were exposed Lo iower [p] .

At 60 and 90 minutes, there is no difference in ingestion between
~ '
larval classes when larvae were exposed to slow, medium, or fast
velocities. °There are too few experiments to make comparisons of

ingestion within larval class of larvae exposed to the same velocity.

Comparisons of ingestion within larval class among velocities
show that, after 30 minuteé, medium and small larvae ingested
significantly less in fast and moderate velocities than in siow-
velocities (P** and p*, respectivel?); iarge larvae ingested
significéﬁtly different (P**) amounts in all three velééities: most
in slow velocity and least in moderate velocity. Large parasitized

larvae ingested equally in slow and fast velocities, and least (P**)

in moderate velocity.



120.

At 60 and 90 minutes, large and medium larvae ingested equﬁlly
in moderate and ;low velocities and more than in fast velocity (P;*,
P*, respectlvely) Large parasitized larvae ingested equally in fast i
and moderate velocities. (There were not' enough parasitized larvae,

feedlng in slow veloc1t1es for reliable analysis.)

Comparisons of ingestion between larval classes after gfouping
according to particle concentratio;:
Comparlsons of 1ngestlon after grouplng experiments accordlng to
[p] also showed that all classes of larvae tend to 1ngest proportionally
the same amount within each time period when exposed to 51mllar [p] .
In only one case was there any significant difference in ingestion:
large parasit;zed larvae ingested more than large healthy larvae when

exposed to high mean [p] for 30 minute- (P*). This result is due to

differences in ingestion which“occurred~in experiment #9b (sect. 2.3.3.2.1).

o -

a7

Comparisons of ingestion within larval class after grouping

according to particle concentration:

™. Comparisons within larval class within time periods show that

~

ingestion: by large and medium larvae under low [pf is greater than.that
under moderate [p] (px*%, Prix respecqiveiy),.which 1s greater than
that under high (p] (P***  Dpxx respéctively). The same reéﬁlts occﬁr °
>for small and large bParasitized larvae at 30 minutes and for large
parasitized larvae at 60 minutes. Howeve;, thére is no significant

difference in ingestion by small larvae at 60 and 90 minutes, and by

large parasitized larvae at 90‘minutes when exposed . to different (p]l 's.

fH
4
3
ki
*®

The range of experimental conditions is not sufficient to consider
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differences within [p] or between [p] 's within velocity.

iv) Ingestion within 'doubled" experiments.

vComparisons of ingestionqwithin larval classes were made between
parts of each 'doubled; experiment (table 2.5). Velocity is the same
for each part but time and [p] is not. 1In the shorter part of each
pair of éxperiments, larvae were exposed to-a hiéher mean [p]
Larvae of all classes except large parasitized larvae tended to ingest
more the lbnger they were e;posed to particles. However, in some,
doubled experiments 1 rge and small larvge,as well as large‘parasitized
-larvae, ingested similarly in both feéding periods despite 30 or 60
mingte différences in exposufe time. There were no dif%erences in

1

ingestion by large larvae in fouf'experimentsa(#4a, b; #5a, b; #l0a, b:7

#13a, b) and by small larvae in two experiments (#5a, b; #13a, b).
Large parasitized larvae ingested‘significantly greater amounts during
the longer time period in only two of ,the doubled experiments (#la, b;

#l5a, b).

The longer exposure periods lead to a lower mean [p] , and this
in turn leads to greatefningestion. As shown in comparisons of
ingestion within larval classes Jseét. 2.3.3.2.1ii), large parasitized
larvae are not as sensitive to high [p] as are larvae of other classes,
and ingest as well under high [pL for a shorter time as undér lower [pl]

f?r a longer time. In experiments in which large and small larvae

ingested equally in both time periods, [p] was very similar for both

<

time periods and the larvae did not ingest more during the longer

exposure period.
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Table 2.5. Ingestion1 by larvae of Simulium Vittafum ‘
within 'doubled' experiments
' . Larval Class
Exrt. Time —
Small (n) ‘NMedium (n) Large (n) Large P. (n)
la 90  52.35% (58) 51.97** (211) 45.79** (43) 47.45%** (212)
1b 30 47.24 (123) 43.03 (280) 30.95 (34) 33.30 (197)
. 4a 90 45.40 (19) 47.73** (218) 49.65 (38) 49.31 (44)
4b 30 45.46 (19) 41.82 (74) 47.12 (33) 46.21 (39)
S5a 90 50.73 (50) 55.93***(330) 53.13 (33) 52.99 (41)
5b 30 46.60 (48) 48.00 (311) 48.41  (34) 53.14 (42)
8a 60 43.98** (19) 54.42***(355) 53.92%%* (74) 48.47 (38)
8b 30 37.24 . (19) 42.74 (325) + 42.29 (73) 43.59 (38)
9a 60 46.52*** (289) 46.03** (67) 53.67 (36)
9b i 41.32 (291) 40.72 (66) 51.39 (37)
10a 30 57.32***(357) 57.02 (52) .
10b 30 47.80 (318) 55.74 (49)
1la -90 60.66*** (384) 62.08***(79) 60.19 (19)
11lb o0 52.06 (279) 52.83 (73) 55.19 (15)
12a 30 58.53*** (357) 59.27*%%**(71)
12b 60 48.71 (286) 49,60 (67)
13a 90 47.75 (72) 47.46***(250) 45.79 (57) 47.45 (35) .
13b 60 45.79 (43) 43.72 (214) 44.66 (43) 44.85 (33)
14a 60  47.89 (16) 53.15*%**(296) 52.45***(80) 53.14 (23)
"14b 30 49,09 (58) 45.42 {208) 45.03 (43) 40.41 (50)
15a 60 44.09*%**(46) 46.97***(270) 47.53**%(90) 46.71* (EE%
15b 30 35.05 (26) 38.60 (254) 40.62 (86) 40.61 (53)

1

Mean arcsine percentage gut filled.

*, *% *** denote significant differences in ingestion.
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v) Comparison of mean percentage qut filled between larval classes.

Duncan's New Multiple Range Test was applied afte; analysis éf
variance was done to determine if the mean ingestion by larvae differed
between classes for each experiment (Appendix G, Taple ITI). The means
tested are means of the arcsine of squaré root of percentégé gut filled.
This test of significance among means parélleled significance between
variances according to anové 2, with two exceptions: inhexperimént #8b

(30 minutes), there is no significance between mean ingestion by lérge

and small larvae; and in #3 (30 minutes) the mean ingestion by large =

RS
healthy larvae is greater (P**) than that of large parasitized larvae.

Thus all classes of larvae, with few exceptions, ingest proportionally

equal amounts when exposed E? the same feeding'conditions.
&

n

vi) Proportion of larvae whiéﬁ’did not feed.

<

Numbers of unfed.larvae in each class are considered according to
- feeding period. Samples with less than 18 larvae afe gonsidered too
.small for reliable analysis and are not included. Tﬁe proportion of
larvae which did no£ feed in each experiment is expressed as a
percentage (figs. 2.4a - q‘aqd table 2.2). To determine whether the
percentagé of unfed larva; in each-claés varied between experiments

- . R ‘
and between classes, tests of independence using multiway-tables (G-test

1

‘were'applied. Because some samples of small ahd’larée parasitized
larvae.ﬁ%re'too‘small for reliable analysis, tests Qege,carried out

iP two groups: large, medium, and small larvae; and iargg,‘médium, anq
iarge parasitized larvae. The reﬁﬁlts of the tests are presented in

Appendix H.
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In botb sets of larval classes within éagh feeding perio&, there
is significant association between all.threevfactors: larval class,
'feeding'l, and experimental conditions. There is significant
aésociation bétween the three pairs of factors: l)‘geeding and
experiment, 2) feeding and larval class, and 3) experiments and iarval
class. 'Thu;‘the pexcentage of unfed larvae in ea@h class is depeﬁaenﬁ

. , ) :
on larval class and-on experimental conditions. The G-test also shows
that the inéeraction between these thfee‘factors is not significant,
thus . the association between any two factors does not vary Qith the

i

"third factor.

ITQe association between factors was partitioned into components
and alysed. Feeding within each larval class and the ratio of>larval
cla£§:s within those feeding were analysed according fo Kullback (1968).
Whep interaction betwéen the three factors was negative, an alternative
method of pérﬁitioning the data was carried out. The“independenc%?
between larval class and expeiiment conditional on'feeding, and‘~
between feeding and experiment conditional on larval class, was
analysed for the two sets of larval classes for each time period.
Féeding witﬁin larv%l class is dependent on experiment, with. the
exception of large parasitized larvae exposed for 60 minutes, and
varied among lar;;l classes (Appendix H). Variation of feeding over

experiments was greatest among medium larvae and least among large .

parasitized larvae. Medium larvae are more sensitive to differences

1 ) v
_In this section, 'feeding' refers to the proportion of larvae in the

population which fed. Thus an increase in feeding is an increase in
the proportion of the population which ingested particles.

e et e g e
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between experiments; large parasitized larvae, least sensitive,

The association of larval class and'expgrimeﬁt,'i.e. availability
of particles, is greater among lafvae which fed than among unfed larvae.
This association is not a causal relationship but rather reflects
changes in the population of larvae per ciass in the total population.
Availability of particles was probably influenced to some extent by
proportiéns of larvél class in the flume populations. Although 'larwae
in all classes ingest proportionally thé same amount (sect. 2.3.3.2.),
the absolute numbers of particles ingested varies with class. For
example, if the partiéles are of similar size, large larvae redquire a
greater number of particles to fill their guts than do small‘lérv;e.
Thus differences in proportions of larval class comprising the total
flume populations betweén experiments may be related to differences;
in rate of reduction of‘[p] . Evidénce for this is the closer
associa£ion of percentage of fed iarvae to experiments rather than of
unfed larvae to experiments. Yet there iéﬁho relationship between®
mean [p] and the number$ of larvae in each class or total numbers of
larvae in the flume (sect. 2.3.1.). Meanx[p] is detérmined by ﬁany
factors and there. is not sufficient evidence to show thatAthe,assoéiation
of experiment (availability of pa}ticles) to numbers of larvae éer

Y g

class is real.

Where interaction between larval class, feeding, and experiment

is _negative, alternative partitioning showed significant interactions

£2r

(Appendik G, 30 and 90 minutes). Differences among experiments

influénced feeding differentially between larval class at 30 and 90
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minutes. Again, there is significant association of experiments to
- feeding, conditional on larval class. This method of partitioning

does not provide a means for subdividing into larval classes or into

percentage of fed or unfed larvae.

The percentége of unfed larvae varies with class, that isg,
decreasing with increasing size of larvae (fig. 2.4a - ¢). Exceptions
occur in #4b (30 min) in which .a higher proportion of medium than
small larvae did not feed; #6 and #14b (30 min), #8a and %13b (60 min)
and #1la, #lOa, and #12a (90 min) all in which a higher proportion of
large than medium larvae did not feed; and in #7 (30 min) and #1lb
(60 min) in which a higher proportion of large parasitized larvae than
healthy large larvae did not'feed. In-only two of these cases is the
difference between percentages of unfed‘larvae significant: in #6 (P**)
and a (px*, afﬁer rounding off) the percentage of unfed large larvae
is greaeervthan that of unfed medium larvael. In most basest ﬁ’ -
than §O$ of all small. larvae did not feed, at least 15% more th:

any other class. Usually less than 20% of the large parasitized larvae

did not feed.

When larvae were exposed to similar velocities and mean (p] , but
X .
for dlfferent feeding periods, the pergentage of unfed larvae in each
class decreased with time (#4,#8,#10,#11,#12,¢d3, and #15). When larvae

were exposed to similar velocities but different [p] and time, this

percentage did not always decrease. In 'doubled’ experiments where [p]

LV R e A e

is not similar, the mean [p] for the shorter feeding period is

BN

st

.

1
Test for equality of two percentages (Sokal and Rohlf 1969).
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approximately twice‘that for the longer perioc, e.g. #1, #5, and #14.
Under moderate or slow velocities a higher proportion of larvae in

all classes fed during the shorter'period (table 2.6; #1, #iO, and
#14). Exceptions occur in #9 in whrch velocity and mean {p] were hlgh

and ingestion was low (sect. 2.3.3.2. ) In experiment #1 a smaller

proportion of large larvae fed durlng the -longer feedlng period; in

VaeNe

#14 a smaller proportion of medium and small larvae fed during the

longer feeding period. . A
. /

/

'Alﬁﬁbdéﬁ '. ’ '.ﬂage-of unfed larvae varies with class and

tends to-int;éé K ,xea51qg siZe of larvae w1th1n each experlment

s tend to influence similarly feedlng among

-+

larval'élasééé. Amcqg the 30—m1nute experiments, the lowest percentage

M‘cf unfed larvae in all classes occurred in experiment #14b (flg. 2.44,
9, j. ﬁ;. In experiments #1b, #4b, ar "~ #5b a high percentagelof unfed
larvae occurred in all classes. In the 60~ and 90-minute experlments,
most larvae fed dur1ngv#14a, #15a, #5a, #1la, and #12a for all classes,
except small larvae in #l4a (figs. 2.4e, £, h, i, and k, i .n, o). 1In

- experiments #12b, #l3b, #llb and #9a (60 mlnutes) and #la, #lOa, and

#d4a (90 minutes) a smaller proportlon of larvae in all classes fed.

After 30 and 60 minutes, fewe¥ larvae tended to febd under high

velocities. However, when velocity is high, more larvae tend to feed

“

when mean [p] is high, e.g. #9b, #15a, #15b. In some experiments
larval feeding does not conform to this trend, especially among. small .
and large parasitized larvae (#1b, #3, #4b) and some large larvae

LY

$ﬁ12b, #10b, #7).

Sk el e Kb
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Percentage of unfed larvae in each of 4 larval classes

Simulium vittatum within

'doubled’

experiments

Larval Class

3

Expt. Time * , .
(min)  sSmall (n) Medium (n) Large (n) Large P. (n)
la 90  61.80 (322)° 31.71 (410) 46.03" (63) 13.97+ (229)
1b 30 81.99 48.53 31.74 . 7.42
4a 90  71.21 (66)  33.33 (327) 19.15 47) 16.98 (53)
4b 30 71.21 77.37 30.18 26:41
5h 90  49.49 (99) 12.96 (378) 10.81" (37) 8.89" (45)
5b 30 50.01 17.94 8.82 6.67
8a 60 55.00 (40 9.90 (394)  13.51 (84) 11.36  (44)
8b 30 50.00 | 17.30 13.09 "11.63
9a 60 21.25 (369) 16.25 (80) 12.82  (37)
9b 30 21.35 1 18.51 13.25
10a 90 19.23 (442) 21.21 (66)
10b 30 . 28.05 25.75 -
1lla ag 12.33 (438) 4.82 (83) 5.00 (20)
11b 60 36.73 14.12 - 21.05
12a 90 13.97 (417) 15.48 (84)
12b 60 31.49 19.28
i ) !
13a 90 36.84 (114) 16.95 (301),¢ 12.31 (65) 5.40  (37)
13b 60 62.28 29.37 . 33.84 10.41
14a 60 65,79f (76) 13.91*(344) 4.76 - (96) 4.3$ ©(23)
14b 30 23.68 5.08 5.99 4.35
. 3 .
"15a 60 33.33 (69) 6.90 (290) 6.25 (96) : 3.51\ (57)
15b" 30 61.32 12.41 9.47 7.02 \
n = total number of larvae in each class. 7 \

denotes experiments in which a significantly (P = 0.05 or less)
higher proportion of larvae fed during the shorter time period.

<



l44.

2.4. DISCUSSION

2.4.1. Parasitism \ o

The increase in percentage parasitism from medium tg large larvae
and the absence of small éafasitized larvae is probably due to two
factors: mode|of infection, and increase in exéosure time to pa;asites.
Furthermore, aragites are mofe difficult to detect in small larvae
than in larger larvae.

Mode off infection of microsporidian parasites is probably ingestibn.
Strickland [1911) suggésted t#at microsporidign.infection must occur
early in larval development, Eefore the peritrophic membrane lines the
mesenteron; However, Maurand (l975f states that oral transmissi?n is
not sufficient to explain the pattern of infection, and considers-

inheritance an important factor in infection by microsporidians.

Infective stage mermithid juvenilesaray_enter the host“either_by
being ingested or by_penetratihé the ho§tfs body wall. Strickland
"(1911), the first to describe mermithid parasitism of black flies in
Noréh'America, sugqgéted that oral infection was the érobable mode of
infectioh, but mentioned penetratibn of the host body wall as an
alternative route. It has been genérally accepted that infection
émong black flies is by iﬁgeétibn of infectivg stage pérasitic
juveniles (Welch i964,'wéich and Poinar 1964, -Chapman 1973, Dumbleton
1952). Stroﬁg evidence supporting this is érovided by laboratory

experiments in which Simulium vittatum larvae were exposed to infective

[
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a

stage nematodes, including mermithids. Parasites were found first in
the guts of.the host larvae and later in thg host'thaemococle, where
they develop (Phelps énd DeFoliar§‘l964, Wegster 15%3). Published-
reports of field observations of parasitism in natural populations do
not mention parasi?es in small’larvaé:,vHowever, Molloy and Jamnback
(1975) showed experimentally that Neomesomermis fluﬁénalis {Welch)
can infect S. vittatum by penetrating the ﬁgdy wall, and Bailey!
(pgrs. cﬁmm.) has shown that all larval inétars of S. venustum can be
¢ . infected experimenfélly by N. fluménaliﬁ'jﬂveniles penetrating the
host body wall. Field collections of Pppsimqliﬁm hirtipés larvae
have included parasitized first and second insﬁars. Other'studies
suggest thatolnfectlon dis by penetratlon of the body wall (Balley ‘and
‘°Gordon 1977) Detection of mermithid para51tlsm of early instars is

0

M exceedlngly difficult unless both host and parasite are allve . Mermithids.

‘o

o, o
are known‘tsgfhfect chironomid and mosquito larvae by penetratlng the
host body wall (Molloy and Jamnback 1975, Bailey and Goxdon 1977)..

Sinqe black fly larvae are uhselectiye feeders, it;is~possib1e
b that.botg meﬁhodsLof host infection océur,o The.period duriﬁg which a
la:v; qangge infected-extends over most of its larval stage.
Juvénile éematode Earasites were fquné in medium and laige host

larvae (Appendix E). 1In cases of multiple parasitism, nematodes are

°

usually of different stages of development. '
. . - ; |
- The: proportion of parasitized larvae varies with,experhnents,with
. . &

earlier experiments having less. VAIthoﬁgh all paraéitized larvae

.

1 » ¢ i -
Dr. P. Balley, Department of Blology’,Mémorlal Unlver51ty.

>

3
b
-
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grouped into one class, it is reali.cd that the different types,
numbers, and stages. of parasites will have different effects on the

hosts.

2.4.2. Experimental desjgn

Differences in ingestion by larvae under various conditions were

-

tested using analysis of variance. Because percentages of gut filled

during the experimental time period varied so much among larvae within
< 0 l

each larval class, a mean percentage of gut filled is not a good -

‘estimate of ingestion. Means of ‘percentage gut filled which include

e

" unfed larvae would provide even less reliable estimates of ingestion

singce the propoxtion of larvae which did net feed varied greatly. 1

@
P-4

some cases it wdas as high as 80% of the larvae. Thus the use of
means “as a basis for comparison m ~vht i2.d to mlsleadlng lnterpretat%on

of the experimental results. Fur<ther, it appears that feeding and
! >, \‘ -
extent of feeding, as’ opposed to r.n feecing, are two é’paraté‘phenomena.-?u

L3

. R . . . M
High variation in ingestibn by larvae has been.reported’for
iy A

larvae of’ several specxes (Davies and Syme 1958, Fredeen 1964, Chance
1969, Ladle et al 1972). It may beIEyplcal of the opportunlstLC'nature
of pas§ive~filter4feeding. Lack'of,feeding by some. larvae fer‘diffefent‘

peﬁggag\ii'respoasible for part of this variation.

N RN ot

.

The design.of the experiments requires that particles be equally

a

° .v';' -

available to all larvae, at 1east-within each class, If this requirement

+

LS’nOt met, varlatlon in elther percentage gue filled or percentage of

S
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o
unfed larvae will be partially due to variations in availab.. . of

particles rather than to behavioural variations of the larvae.
Because flow in the flume is nét laminar and because it is unlikely
that particle distribution throughout the flume was uniform,
availabiliéy of particles was probably not equal for all larvae in
‘each class. "However, the assumption that availability wéS'equal is
still reasopable. Flow ip;the flume was regular and -ixing of

parti¢les in the watér_was'rapid. Particles appeared at the exit of
. . : ‘b - <:A R ‘:“T,:\ , .
the test ¢hannel within 60 seconds after-Bfing added. " Flow down the

ﬁlumé‘waSngémiﬁéd'by adding coloured fluids and suspensions at the
- I A . BRS-§ . .
\.eggrancéﬂﬂfftheyfest channel; these moved steadily and -spoothly down=-

sﬁieaﬁ,lﬁd&iné more slowly close to the sides and bottom of .the

s
)

channel than in the mainstream. Differences in availability of particles

s

%o the larvae are therefore assumed to be small.

- Ingestion by larvae in all classes during experiments #la, b
N . %o
(fig. 2.3a, c) was less than expécted, in comparison to the_results of

the othei experiments. In addition, the mean percentage gqut filled
differed significs .y between larval classes. This doubled.

L

experiment differed from the others in being conducted late in the day

2
o~

(under artificial room lightiﬂé) Qhen larvae may have begn engaged in
more non—feediné activities,q;é @}EhUZ‘G times the toﬁai number of
i;rvae in the other experime#ts. ﬁgémmerman'et ;l (1955) and Fredeen
(19é4; §bser§;d that the raﬁé of development cof larvae is reduced under -

crowded conditibﬁ;. Howevér, a density of 3000 larvae over the area

©of the flume is less than ﬁ'larﬁAe/cmZ, not a crowded peopulation
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compared to pPopulations frequently occurring in the field. The
presence of other larvae influences the avallablllty of particles- to
a particular larva (sect. 2.3.1.). The presence of larvae in the

water flow causes turbulence downstream from the larvae (sect 1.4.2.).

This 1ncreases mixing and therefore avallablllty of partlcles to the

4

larvae. With more 1.irvae sresent, the avallablllty of particl s at
Sy
. )‘}'5

"

the level of the la: ds may be underestimated Slnce larﬂhe of

k)

S. vittatum ingest more rapidly under lower avallabllltles, this might

¥
“~

explain the low level of ingestion, - )

The rate 'of reduction of [p] in #la, b is greater than that ‘ iJ

occurring in other experiments. This is probably due to the larger

number of larvae present, and to the greater amount of salivary silk

»

Produced. There was also a higher proportion of large paraSLtlzed\ N

LR~

larvae presg?t about 10 times that in other experiments. Because the

. )
rate of reductlon of [p] is greater, the estimate of ‘mean (gl availableS)
to the larvae is less satisfaCtory.' Larvae exposed to an lnltlally

high [p] feed at first at a low level of efficiency, and might not take

full advantage of the lower levels of (gﬂ when they occurred.
. . . .

2.4.3. Experimental conditions v ‘¢ &,

~
he N

The velocities to which larvee of Simuliumtvittatum were exposed
in these experihents are slower than those reported in the literature
(table 2.7). ‘Discrepaneies among fepotted measurements are due to
dlfflcultles in measurlng velocities over a small area accu.ately

(sect. l 1.2.), dlfferences in techniques used to record water flow,

«



Table 2.7. Records of water velocities in which larvae
of Simulium vittatum have been found
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Other spp. present

Velocity (cm/sec) Flowmeter

Reference

S.

S.

arcticum

venustum

30
45

40

60
20

25
10

17
36
25
52

17

183

3

lé pitot tube
61
152
35 (lab.) hot film
-2
(lab.)
"152
pitot tube
40 (lab.) transducer

35 (field expt) -

[

313 pitot tube
30

"-~(lab.) pitot tube
113 " S

55 v S0

l 3 2 (A "

84 " 1"

Anderson and

Dicke 1960

Text,sgc.2.3.1.

Fredeen 1964

Fredeen—aﬂa
Shemanchuck 1960

Kurtak 1973

N

s

Kurtak 1973

Williams and
Hynes.1976

» oL
Peterson 1936 A

Wolfe and

Peterson 1960

Wu
Wu

Wu
wWu'

Wu

Wu

1931
1931
1931
1231
1931

1931

o

Wi
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.
-

and the wide range of stream conditions in which S. vittatum normally
occurs. Measurements recorded here were taken at‘the level of the .\_,/

Alarval heads, which ranged from 1.5 - 4.0 mm above the substratum,

. dependlng on the rate of flow. The :sngs of ;elocity in which larvae
-of S. vittatum fed was from 3.7 - 35 cm/sec, as measured with a hot
film flowmeter) These vsiocities differ from those détérmined by
Kurtak (1973) for pobulations of S. vittatum in &ew York. ‘Using a
transducet system, Kurtak measured point velocities around larvae of
seVeral spec1es of black flies. He measured a range of 20 - 40 cm/sec

: Ry euy

for feeding velocities for §. LV1ttatum larvae. However, he conducted
feeding expériments at velocities of 30, SO,‘épd 70 cm/sec, and records
a field velocity of 60 &am/sec (measured with a pitot-tube) for S;
vittatum populations. In 7 of the 10 species he studiéd, Kurtak

records faster habitat velocities than experimental maximum feeding'.
. %

velocities. S ) .

‘Bstimates of particle concentration are averages over depth of

water in the flume and duration of experiment. Mixing of partlcles is
: *f,«
more rapid in faster velocities, thus higher mean [p]~occurred in!

faster velocities. It is assumed that the particles are more or less

uniformly distributed in the water and therefore the water samples
- collected at the exit of the flume provide a reliable estimate of the
“': concentratlon of particles to whlch the larvae were exposed (at -times

;of collectlon of the water samples)
gL _ o
o Attempés tqﬂmeasure [p] in water filtered by the larvae falled

Y Water?samples weré gollected by suctlon using a vacuum, at 9 stations \



151.

s

along the length and width of- the flume at tpe level of the larval
heads. Particles éaught in the saiivary Secretion’ produced by larvae
were differentially sucked into the Qater‘sample, and introduced a high
degree of error in the estimates of particle concentration. Kurtak
(1973) also found that suction for collecting saﬁples of particle |

concentrations was unsatisfactory.

Because of the reduction in [p] with time and because estimates
of [p] are mean values based on regression analyses, estimates of [p]
for shorter experiments are more representative of [p] 's to whiph the

[N

larvae were exposed than estimates for longer experiments.

The reduction in range of évailability of particles for 60 and
90 minutes may account in part for the lack of difference in ingestion
by'small larvae between experiments. Furthermore, not only are medium

and small larvae exposed to fewer particles suitable for their ingestion

than are large larvae, they may also spend more time manipulating the

9. This may be a factor contributing
to the lower percentage of small largae which fed during thgngxperiments.

larger particles caught in their f

2.4.4, Ingession

—

-

LY

2.4.4.1. Ingestion and availability of particles

“

The following generalizations can be made about'ingestién by

»

larvae of Simulium vittatum under the conditions of velocity'and [p]

W

to which they were exposed:
i) Relative to size of larvae, ingestion within each experiment

. is similar for all classes of ‘larvae.
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ii) Above a certain level of availability of particles,
ingestion by larvae increases with decreasing availability.‘

Maximum ingestion occurs around an availability of 100 -
209 pafticles/cmz/sec. vThis applies whether tg; d;crease
in availability is due to a decrease in velocity or ([p]
iii) The proport}on of unfed larvae in each larval class
_ increases with decreasing size of larvae. g4

iv) The proportion of unfed larvae in each class varies with «

availability of particles. .
4

In two of. the e riments, #la and #lb, larval feeding did not fit

these patterns. Thesg experiments differed from the others in that
; .
they were carried ouf late at night (2300 hrs) and with a greater

number ;of larvae in thd flume (table 2.1, and sect, 2.4.2.).

o

2.4.4.2. Ingesﬁmdn among jarvali;classes

The lack of difference in percentage gut filled between larval
class in any one.time period agrees:with the earlier reports of Fredeen
(1964) on Simulium venustum and Ladle (1972) on S. ofnatum ahd S.
equinum, but not with tho#e of Eiouard and Elsen (}975) on S. démnosum
and ‘Mulla and Lacéy (1976) on S. vittatum, S. argus, and S. tescorum.
The rate at which the gut is filled depends on the availability of
'particies, size of the cephali¢ fans anq_mouthpartgipéhd efficiency of
fiitering. Availability of particles varies with la;val class because

#larvae filter Qater at different heights aﬁove‘thé substrgtum (sébtﬂ
1/3.1.}), andvbecéuse the frontal area of the ceph;lic fans varies with

® the size of larva (table 2.8).
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. i
Peterson (1956) measured a frontal area-of 1.34 mm? for cephalic

fans of larvae (n = 3) of S. vittatum; Kurtak (1973), a frontal area
of 1.16 and 1.13 mm? for ‘later instar' larvae of two populations of

S. vittatum.

The measurements of these authors are larger than measurements
for large larvae in this study, but are still within the range of size

of frontal area measured here. Larvae within the ‘large' class of
'd\-' .
A o
- this study may include penultimate instars. Further, the size of

larvae of the same instar varies seasonally and possibly geographically.

T~

Table 2.8. Mean and relative sizes of cephalic fans and guts of larvae’
N

of Simulium vittatum 2

——

Larval Frontal area' ~ Gut dimensions? (mm) Relative? Feeding
class both fans! length width .volume s 'volume ratio®
N (mm2) relative2 7
Laige P. 1.5920.46 209 5.21#0.77 0.22%0.04 0.198 lel 0.77
Large 10.79#0.12° 100 4.34#0.39 0.19%0.03 0.123 100 1.00
Medium 0.5210.04° 68  3.50%0.45 0.12%0.03 0.040 | 32 u.47
Small 0.18%0.02° 24 °2.17+0.48 0.04%0.02 0.003. 2 0.08
: R
' n = 10.

2 based on size of large larvae arbltrarlly chosen as 100

n = 30.

L Feedlng ratio'= relative gut volume/relatlve frontal area of both fans.
"5 from Chance 1970a

w

1

If the availability of particles is assumed to be 51m11ar for all
classes, the feeding ratios indicate that small and medlum larvae are
.less efficient than large larvae and parasitiged larvae are less

eff1c1ent than healthy ones (table 2.8). Small larvae were under



154.

a disadvantage in being exposed to some particles too large for them
to ingest readily. Because of the indirect method of estimating
efficiencies of ingéstion, these concluéibns are tentative. Kurtak
(1973) measured efficiencies of ingestion in larvae of several species
of black flies, and found that efficiencies varied according to

conditions under which larvae fed, but not according to size of larva

»

when larvae were exposed to the same particle type.

-
s

The lack of differgnce in percentage gut filled among larval
classes in these experiments does not agreé withlﬁhe results of Elouard
and Elsen’ (1975) and Mulla and Laceyx(l976). Elouard and Elsen meisured
the rate of movement of synthetic partiEIes and charcoal particles

through ﬁﬁé'quts of Simulium damnosum larvae. They determined that the

ira-
3

rate of movement increased with age of larva. They demonstvated a

linear relationship between larval instar and rate of move.cnt of gut

contents. However, the siope of the regression line of movement of

gut contents against instar varied greatly depending on conditions

‘under which the larvae fed, including time of day and concenﬁration of

particles available. Because movement of material through the guts is

a direct measurement of ingestion, and. increases with instar (and, size
. ] L

of larva), they consider relative rates of ingestion, for example,

percentage of gut filled, to vary with instar.

Elsen and Elouard (1975) experimentéd on larvae of S. damnosum in

»

beakers of water through which air .was bubbled, and to which particles

were added at the beginning of each experiment. The velocity of water

to which the larvae were exposed was not recorded and probably varied

Eed

e
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between larvae dépending on where in thé beakers the larvae were
attached. In another experiment carried out in natural watercourses,
they demonstrated that rates of movement of gut contents increased
when larvae were exposed to greater concentrations of pafticles and

faster water velocities.

Mulla and Lacey“(l976) studied the feeding behaviour of larvae
of three species of black flies, Simulium argus, Simulium tescorum and
Simulium vittatum. They found that the rate of movement of material
through the gut was faster among eérly instars of all three species.
Mulla and Lacey performed tﬁeir experiments in natural watercourges.
They d;d not estimate,the concentration of particles to which the
larvaé were exposed, nor record how close to larvae.they measured
water velocity. Under natural conditions, .it is possible that larvae
of different instars were exposed to differeﬁt availabilities of

&

particles. They also found differences in rate of movement of gut
contents between populations of  larvae occurring in different water-

 courses. Tempeiature, water velocity, and probably concentration of

'particleé, differed between these watercourses.

'
The variatiop‘oflﬁaxcentage gut filled within eéch larval class
is high (Appendix:F; ﬁable 2.4.), and thus may prevent real differences
between percentage gut fi. d among experiments from being identifiéd»
statistically. However, differgnces between means of a;csine percentage
gut filled when tested using Duncan's New Multiple Range Test were not

significant (sect. 2.3.2., Agpendix G).
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; ‘ [l'
. N N
. . - ,:. - .
There is no ev%éche here ‘

>, ods of peak fee&ing activity

identified by Phelpe and DeFoliart (1964) on field populations of.
Simulium vittatum. The present study took six weeks on an over-—
wintering population in which the rate of development was reduced.
Temperature of the water was beloo that for maximum rate of feeding
(Webster 1973), but above that in which feeding is greatly reduced

(Ladle et al 1972, Mansingh et al 1972).

2.4.4.3. Ingestion within larval class

Larvae in all classes ingest most particles at similar availab-

ilities,; 100 ~ 200 particles/cmz/sec. Both sﬁall and large parasitized

larvae ingest equally when exposed to a wide range of availabilities.
m“Among small laryae this may be because these larvae have a wider range
of suitable attachment sitee, or becaoﬁe rhey are expose

.'ﬁéiigifwer

particle'QWailabilities. In natural watercourses small l¥rvae of

: o
several species of black flies are found in area of flow slower than A

-

areas in which larger larvae occur {Maitland and Penn

Because of thexr size, small larvae are more protected by the

'boundary layer*than are larvae of the other;classes. They are exposed
to slower velocities and less variations in current. They are also
exposed to.a emaller range of [p] 's since the distgibution of‘parthles
in the water is dependent ohjvelocity..

L]

Another explahation for the lack of differences in ingestion
by small larvae among experlments 1n2$1ves an alternatlve method of

- feeding. Black fly larvae scrape the substratum around thelr site of

,f ’ .
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attachment free of algae and accumulating materials. ‘This behaviour»
has been reported several times (Chaoce l970a) and has been considered
" both as an artlfact of rearing conditions (Wu 1931), and as
occurrlng only when larvae are exposed to adverse conditions (Badcock
1949, Zahar 1951). However, Peterson (1956) and Serra—T051o (1967)
malntalned that it is a nﬂrmal method of feedlng. Recent _Observations
darrled out on larvae in a benthobservatory indicate that larvae spend
a consxderable part of thelr time scraping the. substratum (Mokry 1975),
Such feeding behaviour is less influenced by water velocity and [p]
than filter-feeding and is perhaps used by small larvae to a greater/
extent‘than by larvae of other classes. Beoause partic..s recame stuck
ln the salivary sechtion produced by larvas for attachment anj larvae
scraping the substratum would be exposed to a plentiful supply of

-

particles. Small larvae, including first instars, however, do filter-

v

N

feed.

“The greater tolerance of large parasibf%ed larvae to experimental
conditions may be explained by the effectsvof parasigismf Little is
known about the physiological effects of parasitiSm, hbwever, Strlckland
(1913) observed that black fly larvae parasitized by mermlthlds tend
to. suffer a loss of muscle tissue and are sluggish. He reported -that
when larvae were transferred to new contalners, they did nof make any
exploratory movements but began to feed almost 1mmed1ately. They fed
,more often and became larger. ‘(Parasxtlzed larvae tend to have a
retarded rate of development (Strlckland 1911, 1913; Phelps and
DeFoliart 1964; Peterson 1956 ; Maurand 1975).) 1f %arvae sense the

force of the current through their muscular system/’as suggested by

!

.'!’4



158.

| ",b} ’
Fortner (1937), parasitism may reduce their ability to sense the
«

current and their response to it. As a result, parasitized larvae may

accept a greater range of velocity and [P] than healthy larvae.

Large larvae spend more tiqéwfeeding. Although they are more
efficient than small and mediéh/{arvae, they requ :¢ _.reater amounts
of food. Perasitised larvae are less efficient t%‘ﬂ healthy and
smaller larvae, and probably require even mc food to support a
parasite in addition to a larger size.

~

T
P

Maximum gngestion at low avallablllty of partlcies is due to
.'preference of the larvae for slow velocity and low [p] .b At temperatures
of 9 - 10C larvae ingested most rapidly under concentrations of;4 - 40
'ipartlcles (20 ~ 40 um in diameter)/ml and at velocities of § - 10 cm/sec.
‘These Veloclty values are much lower than those measured by Kurtak for
the feeding act1v1ty of S. vittatum larvae. Several factors probably
account for ;he dlfferenceg measurement technique,_tempefatﬁre of the

- 'a“ .
water{ heterogeneity within the species.

With increasing availability bf particles, ingestion by larvae is
reduced. Fewer larvae maj feed (sect. 2.4.4.6.). Under. high [pi fans
may beccome clogged with too manyiparticles ana*fherefore become less
efficient. Larvae may also'spend more time cleaning their:fens and
mouthparts. Particles are sometimes swept out of the fans before - they
are retalned by the mouthparts (Chance 1970a). At fast velocities, | .
partlcles may be travelling too fast to be caught by. the fans. Kurtak

-
described how the paths of partlcles travelllng thrsugh the fans of ’



o

Simulium pictipes are dispersed in slow velocities but not in fast.
velocities.

Larvae of Simulium vittatum have a low velocity preferendu-

compared to that of other species studied. They are found in
. <.

.

variety of habitats but generally in slow flowing water (Fredeen .vy59,
Anderson and Dicke 1960), and feed at lower velocxtles (Kurtak 1973),

The range of availability of particles (of the size used in this study)

F .
at which larvae fed equally well not only reflects the cosmopolitan

nature of this species, but also the range of particle concerntrations

‘
i

occurring in natural waters. . /

Kurtak determined the efficiency of ingestion:fog,9 species of
4 . B

black fly larvae. This efficiency (defined in footnote, page 79)

decreased with increasing velocity (of 20, 50, and 7diem/sec) when

. l ’ . » -
larvae were exposed to particles of similar and larger diameters at
. - (R

: K e T e
similar or. greater concentrations,; Efficiency of ingestion varied With

‘4\.1
' ,

type of particle, with species, and with the population of Simulium
vittatum studied. Most of his work was on larvaefof o plctlpes,

e ad

7 among which eff1c1ency of 1ngestlon also dec* a2 :=d Wlth lncrea51ng [p]

SR | e ,!

S §
ah Elouard and Elsen (1975) found that larvae of" Slmullum damnosum

fed more rapldly when exposed to higher [p ]vs. (whzle malntalned in

beakers in whlch water was c1rculated slowly by means of -an air stone)

and more rapidly when exposed to faster velocities - (ln natural water-

[

;eourses). Slmllarly, Mulla and Lacey (1976)<found{fastqr rates of

4
inqestion by various Simulium larvae, including S. vittatum, when

o . '
larvae were exposed to-faster.velocities.



* However, neither'Elouard and Elsen, not.ﬁhlla aﬁdELacey made’” '1' i
2 precise measdrements of goth watet velocity and [p] foreany expefiment.
Thus the'avaiiability of éarticies to which the larvae were exposed*is\"
hot known. Conditions‘to which larvae were exposed and technidues of

‘measurement diffLE between studies. Therefore detailed comparisons»of"

the results of these studies are not p0551b1e,'and the importance of

a«” B

L

o

any, discrepancies in results is difficult to assess. These studies &o
o ' : , : , oo

show that rates of ingestion by larvae are dependent on conditions to

' which the larvae are exposed, and vary with spepies ahd-pOSSibly with

age ofolgrvae.

g P - 2.4.4.4. Ingestion_within'larQal class among.per;ods of feeding

. » A
Co Y o .
Because feeding isumeasured on the basis of percentage gut

'

¢ - N . A : "
. . filled, and because rate of progression of t al through the gut is
. R ‘ . . 2 ) . ‘\"
. - . “ i B 2" .

dependent on the rate ofﬂingestion of subs - "filtered material,'<.

the mean percentage gut fllled 1& expected ‘to be greater tﬁe longer

\1B£V38vfeed. However under the cond1t10ns»of‘the ] Yled' experlments., 5
\J “ P G . N - R ;,v .

‘ » Jt-} a’ T ...:." : -
eff1c1ency of 1ngest10n yar1es over the 1quer tlme perlod of each RN

»

' experlment because"h11c1ency varles w1th [p] ’WHEn the second colour ST

fs;‘ . of partlcles was added toﬁtﬁe water, larvae were suddenly exposed to a .
v , " )
greatlytincreased Ipé?. The decrLase in'fate oﬁ”ipgestion results in-
S . R e , ) o

a lower percentage gut filled over the longer period of time, Thus ) 7

larvae feedlng for 60 ‘and 90 mlnptes wlll not 1ngest 2-3 t1mes that

1ngested by larvae dur1ng,30 minutes. Co . 3

~ .

} ! L
- . v -

< i ) L . . —y

Larvae which did not feed during the first period of a . ¢
- ‘. e P . 4 - ) L
'doqﬁ}ed' experiments wiil haye less or no difference in percentage gut

y . . L T .

=
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- . ‘“%
There were né dxfferences in 1ngestion gmong larvae of* the other

=

7

' classep, these 1ngested equally well un

. €qually well. under both velS%it;esg‘d

para51tlzed larvae 1nge$ted equally well under buth [p] S. Afﬁér'GO

B

filled between'parts of the experiment. Lag%ae of classes with a

161.

NG

“wider tolerance to {p], for example, large parasitized larvae, show L

/

less‘difference‘in*ingestion betwecen parts Of“'doubled' experinents.

2.4.4.5."Ingestion under similar conditions
S ey . ‘

Yo’ .
. e

65 ‘Gbmparlsﬂns of experlments in whlch elther reloc1ty or [p]
SRS .
was‘s ( ;thow that medlum larvae are more sensitive to differences
iﬁ either{yeloc1ty or [{p] than are larvae of the other plasses. After
*
30 minutes medium larvae 1ngested more when- exposed to 19 cm/sec and

& |

35. rt1c1es/m1 (avallablllty of 668) than when exposed to 34.8 com/sec

and 36.5 partlcles/ml (avguabinty of 1270) (‘fig. z 3g, #3, #4b).

BT

Y -3

'vT'«\

3%?:19'cm7sec as: under 34.5 cm/sec.-
% )‘30 ! :% ‘C:h }L"\ \’ . o
Similarly, medlum larvaeﬁlngested_more under"ﬂ:? cm/sec and- 11, 9

i

~part1cles/ml (a@allablllty of 115 #7) than undet 19.4 cm/sec and 13.7

. 04«’13’ o -~

A

partlcles/ml (avallablllty of 266, #2), larvae of,other o;asses ingested

2 e

S A

A . Durlng exper1ment9 withaéiﬁllar veloc1t1es but dlfferent [p]
4 e w\ ’/ /A""'?t?‘

4 large and medlﬁh larvae 1ngesteé»more under lower fpl; small and large ,

* i l ~
\

s

) mlnutes, large and med; 1arvae ingested more when exposed to lower[ o3|

in slower ve1001t1es (flgs. 2 3eh h #Ba, #LSa. #lﬂb #1l4a). However,

)

after 90 mlnutes, largé'and mvdlum laryae rggested more at faster veloc1ty,

17.2 cm/sec, than at 8.S.cm/' fﬁ;t [p] of approxlmately 10 partlcles/ml

(figs: 2.3e, h; #lla, #5ay.. In these expériments, the ava11ab111ty of

particles at the faster veloc1ty, 184, was . closﬁr to the optlmal

i ."*"

5

.
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U

'wc51mllarly.:5Thq}percentage of .unfed larvae in eish class s degendent:

~T ) . 162.:

i
i

availabil{ty' than that at the slower velocity, 85,

i
!
!

Larqe .parasitized larvae also ingested more at a slower veloc1ty,

3.7 qm/sec, than at a hlgher velocxty, 28.4 cm/sec, when exposed to

similar [pﬂ"s (#13b, 1l4a). 1In othef comparisons, large parasitzied B

o
‘n

and small’larvae ingested similar amounts.

- . T
L -

2.4.4.6. Proportions of'larvae which did not fg&d _&

The berceatage of unfedriarvae varies with larval class and

C , . o o
with conditions ta which the lapvae are exposed. 'The ‘tests of independ-

ence show that feedlng, and tha;efore lack of Leedlng» varies greatly

SR

b4t C ol !
w1th experment and with lar@f.'cﬁ 'sé’ct 2. 3 3.2.v1) As J.n studies

4 OF

of 1ngest¢on, medlum larvae ar® more sen51t1ve to experlmental)pondltlons
S

o o o zjf o

w1th respect toofeedlng than are other. ClaSSeS, and large pa4a51tlzed
.«\g’ n:’g\_, AN U ] N .
= -‘h ) J....) ~ ( e
larvae are least senSLtlve (sect 2,3.3. 2 vg)
E : J"‘;‘ n . R : ’ ' R::‘:f . ’ - - Cgﬂj ] - ‘5
. . - : .
‘ Expe:amental condltlons 1nfluenced®ﬁaed1ng among all classes

EY

o .\t’ [
. Sy,

- on avallablllty og partches. In any one experimentL availabifity of'

3

pa ticles is assumed to be, eqh vffll'larvae.' Variations in

s

ar 1ci

dld ocbur, however, due to dlfferences in veloc1ty of water; but this

\ L]

variation would depend on varlatlons in velocxby~over the agea of the
t N MR

. \
flume and is expected to be,small. If larvae did not feed simply ~

o . . , o ) .
' because they were not exposed to particles (because of Aan unevén k
A a : : »

distribution in the water),the percentage of unfed larvae would be much

less. The distribution of percentage gut filled (including larvae with

“ ]
s

dlstrlbdtlon throughout the duratlon of an experlment probablyJ

8,

N

)
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0% gut filled) would approximate a normal distribution more closeﬁx,

[t

A b

Rough estimates! of the numbers of particles to which larvae
were exposed over the feeding periods range from 113,350 for large

larvae unc:r low particle availabilities to 5,900,000 for large larvae

under ™ 1 particle avallabll}tl ause of thelr-smadlerqfans
N 9 \ . o " 3 . X . i J. o

~ smal’ /ae were exposed-to,apprdxi.” ely 24% of these numbers. Even

at tt  low feeding efficiency of 1%2, larvde of all-classes had ample
‘ opportunity of ingesting at leasr some particles.
K]

e

Al

The influence of-availability of particles on the percentage of .

9

unfed larvae is reflected'in the dec¢rease in proportion of unfed

larvae with time. Thls decrease occurred when larvae are exposed to’

u
)

<similar”velocities and [p ]'s. when- lar e are exposed to slow velOCLtthn‘ -
. @ .o ;
and modérate [p] , the percéntage of unfed larvae does not decf&%se I

°

w1th tlme for larvae of all classes These dlfferences as well as ones

w1th1n doubled experiments are explalned by the varylng proportions of

= 2 : : :
larvae ln each elass feeding for different times durlng some of the w
- .’f' ' t
]

?exPerimental period. sy @
. pe

Ayailabilitg of particle$s influences similarly both the proportio@g

of the population that fed and the extent of feeding, in all classes of

. r\»larvae. Although theapercentage of unfed larvae varied . among classes, -

3
hlgh propL?tlons of larvae in all classes dld not feed in some . - .

PN R ®

a > - - . - A .
- N -~ o : e Fo g
. Yo, -

1Estimate = vek. '(mm/sec) X frontal area of both fans (mmz) X [p]
A (particles/ml) X duratlon of experlment (sec). 4 ' ﬁf

2Overalfrefflca.ency of feedlng by individual black fly larvae rangeszd,vggi?ft
from 1 - lO% (Kurtak 1973). . ) P o G

2,

* - ¢
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’ experL ents, and low proportiong of larvae in-all classes did not

\,\u N
feed in other experiments. Larvae which fed, fed proportionally the

same amount in all classes.

During the longer experiments_in which a high proportf@n of

3
J

larvae fed, they tended to ingest more. However, there is no signifigant

corre’ :tion between the proportion of larvae which fed and the mean
(arcsine) percentage qut filled. Although aVailability of particles

influences both feeding and extent of feeding, other factors in addition
- ’ G .

*

%;.availability-ofparticles must determine whether or not a larva feeds.

- -

‘The results of the 90 minute experiments agree in part with those

of Elouard and Elsen (1975). Under conditions in which larvae ingested
. %

at a greater rate, a larger proportion of the larvae of S. damnosum fed.

However, Elouard and Elsen¢¥6ﬁhd no ruﬂationship between the percehtage

of unfed. larvae igc larval instar (or larval class)

g e :
W ‘ o . FTe T 24 ) _—

percentage of unfed larvae in each experlment for the 30 and 60 mlnute

feedlng perlods. This suggests that tHe perzoq durlng whlch larvae
o~ o S
dé not feed may extend up tp ?O minutes, or so but the proportlon of

S

larva wh/sh do not feed at any one time in a population of larvae‘
feeding for longer periods (i.e. under normal conditions) is more or
: , ~ S . . .. - L

less corzstant,‘althougB varying with conditions of feeding.

" ’ N,
- Differences .in percentage unfed larvae w1th larval class is not
.1 - coen

a reflectlon of relatlve 1ngest10n efflclenc1es of larvae since large

Q

.. ”“,paragltlzed larvae are less eff101ent at ingesting partlcles yet a )

s ) SR
Y N T

':. ‘»'-'#}’.‘ B . -

¢
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o )
higher percentage of them fed. It is reasonable to dssume that

larvae with 0% gut filled did not ingest any particles because they
were not filtering throughout their exposure to particles. Lack of

feeding’ among larvae is a beha%l phenomenon rather than an artifact

s

B
Although larvae,%ave been con51dered to filter more or less ' A;p.w
contlnuously,ln fact they do not feed all the time (Dethlex'f1§66

Gl8tzel 1973). They spend time grooming themselves, cleaning their & @
A i

-fans and mouthparts, and changing their site of attadhment. Times ' ~‘< . He

larvae spend on various activities have?never been measured in detailvﬁ i a
. . K 3 "i . \ .
They may spend as much time scraplng the substratum and onuother nonn-,ﬁ'
ey .
feedlng actlgétles as they do on fllterlng, although they never- spend

W P

more than a few moments at“a t1me on- any one activ1ty (Mokry 1975). "

The duration of perlods larvae spend fllcklng (openlng and 01051ng)

: 4 # . e;g;,
and cleanlng thelr. ,,_and keeplng thelr fans extended, varies
: ‘\D &g .
greatly (Chance l970a) The fréq@?ﬁty*of fan fllckang is 1rregular,
) N

» < kA

however; it does not appear to vary w1th class or between larvae with
k3

g

full guts and larvae w1th empty cuts {Chance 1969).

- . - - . H
Fredeen (1964) noted that a few larvae of Simulium venustum. did '
. : , o t . ‘
not feed during his laboratory studies of larval diets. These unfed
o .

oy

r

larvae pnpated w1th1n a few hours. ﬁarvae studiedﬁEZSE were from an :

W-\,« ¥

overw1nter1ng'populatlon in which pupatlon was delayed until spring. § ,

Mulla and Lacey (1976) also found larvae of Slmullum Vlttatum, S argus

]
and S tescorum whlch did not 1ngest synthetlc partlcles over perlods

PR .

of 30° - 60 minutes. Elouard and Elsen (1975) reported that a.
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t - 3 + - . .:"

proportion of S. damnosum larvae did not feed during an experimental

by

period of two hours: They attributed this to a non-uniform distribution

of synthetic particles in the water or a iack of filterihg.
’ "

The higher~prepc:t:)n of 1nfed small larvae than unfed larvae -

of other élagses‘implies t...t these larvae either are exposed to lower

B

availabilities of pafticles 6r they spendiless time feeding. Because -

of thelr smallér 51ze, small la:vae fllter a smaller volume of water

e
ek s 5

and, in addition, aré{expésed.to éid@er vefééities and therefore lower

.v’\"

particle’ availabllltles. They may also spend less time fllterlng

o) s e

Mokry (1975) observed that the fl_rst three :Lnstars of ‘Slmullum venustum
nd;mally'spepd“more tlme<mlgrat1ng thaq later nnstarwlarVae.th 3‘vcf

. s 3 .
. [ P - . o Coee e

8 2 (N I . v . & ..

1..,&).‘ . ,‘,' K (/

A . - .

MJ - Lack of feed%ngqof varylng periods of tlme contrlbutes to the

-n

4
L EN

. varlathnvin averaQe pegéentage gut fllled 'Other factors which ; .

iy v L4 Y N

contriBute to thlS varlatloq algo contrlbute ‘to the. proportlon of

L.‘,)

;unfed larva@, lncludlng dxfferences ln behav1our between larvae,

dlfferences in eff1c1ency of;ingestion, and‘differenCes (if any) ‘in

,avallablllty of part;cles Differences in feeding ectivitxxmay also

<o

The'failure_of larvae toyfeed for periods of 90 minutes or more

is important in connection with control programmes In which particulate
\ ’ . R oo [
formulations of larvicides are added to natural watercourses. If

~

populations are exposed to a larvicide for only a few minutes, larvae

which are not filtering will not be affected.
] - : t
O . ‘
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Asuccessgﬁﬁn,

- will not ingest partiéulate pesticides carried by the water. W

- 167.

4 . . >
2.5. CONCLUSION o~ o
| AR
Larvae of SiMlium vittatum ingest most rapidly wﬁ;n exposed to
relatively low availabilities of particles, under water velocities of
5 - 10 cm/sec and particle concentrations &f 4 - 40 particles/ml.
Rate of gut filling decreases when la:vaﬁﬁ@re exposed to faster
velocities or higher particle concentrations. Rate of inge;tion by
larvae varies with larv;l size; hpwever, rate of gut f}lling is equal
unléss lar&ae are exposedfto fast ‘velocities or high particle con- ~
centrations. This is éﬁninterest iﬁ connection with control programmés
involving pa:ticu%ate larvicides. Since LDso's probablylva}y with
larval sizg, all larvae may be equally susceptiblé.to tﬁg same dQSagé

of pesticide. If mixing. of pesticides were uniform in the water,
' ¥ % Y 1 o
: .

g‘has.shown does not occur, larvae of all

which Wallace et al{i
- A B

i

sizes would 1likely bé

yngLarvaefof S. vittatum do not feed continuously. Proportions of.

larvae of each class do not feed for various periods, extehding up to
& . .

90 minutes and ionger."TThe propértions of unfed larvae. also Vary

with larval class’} decreasing with increasing size of larva. Lack

of feeding is a behaviouraluphgnomenéﬁ’raﬁher than the résu&; of a

lack of oppértunity to “catch égrticlégﬁq;This too must affect the
A . L ~ -

Ffarviciding programmes because larvae which are pot filtering »

‘3
-\
\

~—

Small larvae are apparentiy less sensitive to conditions to which
- \\\ ) R . ‘w“ v
they- are ‘éxposed than larvae of other classes. - They ar8 less likely. to
- . . o . oy - - v

’
-,

v
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be affected by particulate pesticides carried by the water. If they feed
extensively by scraping the substratum, they may be exposed to nmore or
less pesticide, depending on the distribution of the pesticide on the

substratum.
. N l' - . . . 3 . +
Parasitism decreases filtering efficiency, but higher proportions

-

of parasitized larvae feed at a:ggparticular time. Thus parasitized

larvae are probably more vulner ble to particulate larvicides ‘than

healthy larvae. *

, N , v
- . X
. 3 . N

Medium larvae are most sensitive to conditions to w@}ch they are

exposed. Large larvae are more efficient filterers,

Indirect evidence frfm one expériment (#la, b) suggests that
. 1 .
feeding_activity varies over the 24 hour period and in larval S.

-

vittatum is depressed at night. -

These resultsare of importance in cohtr&i”progrgmmes in which
. . . - :

.particulate insecticides arewuséﬂ%wgﬁégﬁgfd.feeding efficiency under

fast velocities and high particle conéen{iations will result in low
. ~ .

f "

levels of kill. Chemicals will be wasted unless they are administered

effectively, for example, againsé Sf vittatum, at relatively‘low

concentrations over long peiiods of time, so that larvae ‘e exposed e
LS . :
for 60 minutes or longer.

LAY

~

Adults of Simulium vittatam are a nuisance when abundant, but

the species is not- a major pest species. Most black-fiy problems are - ¢

caused by o@hér species of black flies, the larvae 6f %hich may feed

v
-
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most efficiently under different conditions. .Since particulate
. b . ,Q‘,
formulations of 1nsectlcldes are more eiféctlve and selective against

.'biack fly larvae than are other formu}g%{bns (Chance 1970b), influence

of velocity and:particle concentration on larval feedlng is of prime

' importance.
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L . 3.0. GENERAL CHNCLUSION

Black fly lafvae occupy the relatively harsh environment of a
lotic habitat. They achieve this through adaptations which reduce

the severity of lotic hazards and by taking advantage of special

features of their environment. -’

The fundamental feature of lotic habitats is the flow of water.

_-This creates a mechanical danger which lotic organisms must either

avoid or overcome. Anatomical and béhavioural”adaptations enable
. . A
black fly larvae to withstand the force of qbe current The

~velocity gradient and substrate boundary: laySf provide larvae with

protectlon from fast water veloc1t1es andcaﬁ the same t;ii allow

‘larvae to feed‘thhout exﬁgidlng very much un _Hf;"
i A o :"_""‘15 S
Lt C "*ﬁ‘%,_‘n B
Ly . . "1‘5 T, .
The passive fllter feedlng behav1our of black fly larvae is
a consequence of life in a lotic habitat. Larvae filter partiéles
. t‘,t =y
carrled by the current. The rate at Wthh larvae ﬁggﬁﬁﬁs deternlned
BY rate of water flow and concentration of iyallaﬁie food

A}

v
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5.0. APPENDIX

Appendix A. Flume velocity data and mean velocity vectors

Two-dimensional profiles:

Velocity Profile #18 .

at selected coordinates about larvae

Flume velocity data:

o

No. of readings:- 328

" No. of readings placed on grid: 327

Mean thoracic position of larva (mm) (X,Y): 0.228, 0.154
Mean head position of larva (mm) {(X,Y): 0.395, 0.210

. Magnification factor!: 38154

"Pilm speed (fps): 24
Strobe speed (fpm): 25,000

" Mean velocity vectors at selected coordinates about larva:

axes coordinates Vector components

{cm) , : (cm)

Y-axis X-axis X Y Vel. “Wo. of
' . (cm/sec) readings
0.65 -0.195 6.369 -0.272 7.969 4

-0.065 4.504 -0.151 5.634 15

0.065 2.336  0.657 3.032 1

’ 0.195 3.552 ~0.410 4.470 10
0.324 3.253 0.147 4,071 11

0.454. " 3.496  0.423 4.401 12

0.584 . 3.265 0.603 - 4.150 8

0.195 ~0.195 8.199 -0.849 10.304 9
* -0.065 7.007 - -0.153 8.760 6

0.065 6.412 -0.152 8.018 11

0.195 _.7.033 __-0.398 - 8.805 10

0.324 -« 4.703 0.653 5.935 RN

0.454 : 4.728 0.289 5.921 11

0.584 4.980 0.348 . 6.240 16

! Magnification factor for digitizing.



Profile #18, cont'd.

Axe% coordinates
_{cm)

Y-axis X-axis

0.324 -0.195
-0.065

0.065

0.195

10.324

0.454

0.584

0.714

0.454 -0.195
-0.065

0.065

0.195

0.324

0.454

0.584

“0.714

0.584 .=0.195
-0.065
10.065
0.195
0.324

___________ | 0.4
= ‘ 0.584
0.714

0.714 ' 0.195

5.796
7.110
7.391
8.469
7.478
6.396
1.803

5.085

8.375
7.247
.7.886

9.105 -

7.750
7.679
9.360
7.936

8.564
8.022
8.759
8.787

.—8.964

7.711
7.663
11.301

8.212

i

Vector components

=0.020
-0.601
-1.361
-1.240
-0.188
~-0.074

1.805

1.254

-0.409
-0.431

-0.343
10.263-

0.886
-0.272
-1.084
-2.698

0.350

"=-0.012

-1.505
-0.623
-1.628
-0.033

0.529
-1.445

0.203

(cm)

Vel.
(cm/sec)

7.245
8.919
9.394
10.700
9.351
7.995
3.189
6.548

10.481
9.075
9.866

11.386
9.750
9.60S5

11.779

10.478

10.714
10.028
11.109
11.013
11.389

9.639

9.601
14.241

10.267

182.

No.

of

readings

11
11
8-
11



Velocity Profile 419

Flume velocity data: ,

No.
No.

of readings:

of readings on grid:

259"

Mean thoracic position (mm)

Mean head position (mm) (X,Y):

Magnification factor:

Film speed (fps):

24

Strobe speed (fpm):

Axes coordinates

Y-axis

0.063

0.188

0.313

0.438

(cm)

X~-axis

-0.438
-0.313
0.063

-0.563
-0.438
 -0.313
-0.188
-0.063
0.063
0.188

-0.563
~0.438

® ~0.313
-0.188
-0.063
0.063
0.188

» =-0.563
~0.438
~0.313
-0.188
~0.063

0.063
0.188

40.00

25,000

257
(X,Y):

0

.181,

0.237, 0.312

-0.
.317
.721
-0.
0.
-0.
~0.

-0.
0.
-0.
0.
0.
__O.
0.

=-0.
-0.
0.
o.
0.
0.
0.

.012
.219
.081

054

029
118

.014

142

088
089
027
455

100

062
033

076
089
100
027
098
038
003

Ly

5
R

{emZsec)

2.208
1.299
2.694

3.288
2.458
2.141
3.350
3.213
3.548
4.485

4.595
3.720
3.741

4.701 -

4.669
4.506
4.526

4.408
5.253
5.675
5.538
6.239
5.393
5.936

0.190

f‘,"“\" ‘
\\\Qégts

S U W
-Velocityy'compo
L RN LN

k\ >183.

- No. of

readings



profile #19, cont'd.

Axes coordinates

Vector components

184.

(cm) - (cm)
Y-~axis X-axis X Y Vel. No. of
’ ’ (cm/sec) readings
. 0.563 -0.563 5.087 0.242- 6.366 4
~0.438 4.570 0.037 5.723 5
-0.313 5.497 0.041 6.873 5
-0.188 4.699 0.220 5.880 10
-0.063 4.552 0.194 5.696 7
N : 0.063 5.502 0.018 6.878 5
0.188 ©3.621 0.127 4.530 3
Velocity Profile #20
Flume velocity data:
No. of readings:
No. of readings on grid: 134 T
Mean thoracic position (mm) (X,Y): 0.186, 0.095
Mean head position (mm) (X,Y): 0.299, 0.055 N
Magnification factor: 40.00 . '
" Film speed (fps): s
Strobe speed (fpm): 25,000 )
Axes coordinates -~ " Vector components
(cm) (cm)
Y-qxis X-axis+ X Y | " vel. No. of
(cm/sec) . readings
0.063 ~0.438 2.695 =-0.110  2.967 L,
' ~-0.188 2.651 0.037- 2.916° 1
~0.063 4.641 0.199 5.111 2
-0.563 4.881 -0.152 5.372 3
-0.438 4.971 ~0.622- '5.511 2
-0.31:Z 4.577- -0.453 . 5.060 3
, —0.188 4.801 . 70.299 5.291 9
¢ -0.063 "5.639 0.131 ~ 6.205 2
0.063 4.171 0.044 4.588 8
0.167 3.423 1

~ 0.188

3.107



Profile #20, cont'd.

Axes coordinates

Y-axis

0.313

0.438

0.563-

0.688

(cm)

X-axis

-0.688
-0.563
-0.438
-0.313
-0.188
-0.063
0.063
0.188
0.313

-0.688
-0.563
-0.438
-0.313

.—-0.188

=0.063

0.063"
0.188

-0.563

-0.313 "

-0.188

- -0.063

0.063
0.188
-0.188
-0.063

5.708

5.815
5.919
5.314
5.784
5.969
6.335
5.496
5.961

5.642

5.158.

7.220

7.583

6.710
6.797
6.824
5.395

8.034
7.642
7.120
6.920
7.638

8.150 °

6.874

8.612

185.

* Vector components

-0.685
~0.144
-0.116
-0.189
-0.187
-0.165
-0.556

0.405

-0.392

-0.397

-0.146
-0, 481
-0.383
-0.450

-0.276:
' -0.307

-0.230

0.322

0.213
-0.001

0.155

-0.127
0.026

. 0.309 "
- 0.826

(cm)

Vel.
(cm/sec)

6.323
6.399
6.512
5.580
6.366
6.569
6.995

@ 6.062

6.571

6.221
5.676
7.960
8.351
7.398
7.483
© 7.514
5.940

'8.845
8.410
7.832
7.614
8.403
8.965

7.569
9.516

No. of
readings

]
NS N SN

-1 Oohun N N o w o o

H WU o wy
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Al

| Velocity vofile #21 : V/
» o Flume velocity daf:i

No. of readings: 289

- No. of readings on grid: 202 o
Mean thoracic position (mm) (X,Y): 0.399, 0.082 o
Mean head position (mm) (X,Y): 0.666, 0.122
Magnification factor: 27.10

. Film speed (fps):. 12
Strobe speed (fpm): 25,000

e nd

L 2
Axes coordinates Velocity components
(cm) : : (cm)
Y-axis X-axis X . Y : Vel. No. of
) : (cm/sec) readings
0.092 -1.015 3.320 -4.585 ©6.226 1
'~0.830 6.577 -1.042 7.325 -3
-0.646 6.080 1.041 6.785 22
-0.461 5.364 0.351 5.914 38
. =0.277 . » 5.370 0.172 5.910 28
. -0.092. . 4.879 1.193 5.525 30
0.092 4.492  2.654 " 5.740 o7
0.277. -0.830 - 10.658 -3.056 12.200 i1
-0.646 6.398 -1.286 7.179 7
-0.461 : 5.403 -0.128 6.035 25
-0.277 4.026 0.367 4.446 20
-0.092 6.141 1.015 6.848 13
0.092 4.567 - 1.883 5.434 3
0.461 ~0.830 . 5.365 ' -4,268 7.542 " 1-
~0.646 ' 6.559 -2.030 7.552 :
~0.461 ' 4.37r -0.861 4.901 2
~0.277 ’ '5.658 -1.119 '  6.344 2
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Three-dimensional profiles:

e

rig. A.l. Axes of three dimensional velocity profiles.
Negative and positive signs indicate position of larva and position
and directicn of vectors with respect to positibn of larval site of
attachment (0,0,0). Arrgw indicates direction of water flow.

]
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Velocity Profile 422
Flume velocity data:

No. of readings: 97

No. of readings placed on grid: 95

Mean thoracic '‘position (mm (X,Y,2): 3.41, 1.20, -0.57.
, Mean head:position (mm) (X,Y,2): 5.37, 2.05, -0.52.

Actual image magnification factor: 22.37

Prism image magnification: 18.16

Mean angle of camera axis ‘to tank bottom: 90.0

Film speed (fps): 24

Strobe speed (fpm): 25,000 .

Mean Velocity vectors at selected coordinates about larva:

A ’

‘Axes coordinates - Vector components’ .
(mm) : N {(mm) '
Z-axis - Y-axis X-axis X Y z . Vel. No. of

- (mm/sec) readings

-0.50 - 0.50 -3.50 443.41 9.04 ' -124.26  460.58 1
- -2.50 434.52 45.40 . =79.11  443.99 1
-1.50 '397.85 54.85 -59.96  406.07 1

©1.50 -1.50 376.02 33.83 ~46.76  380.41 1
' 1.50 ©387.75 34.23 | -47.67 = 392.63 1
2.50 -3.50 411.00 48.19  -67.15  419.23 1
: -1.50 429.68 44.59 -94.28  442.19 2
0.50 415.22 53.62 -67.65  424.00 2
3.50 308.27 105.69  -39.78  328.30 1
4.50 323.14 -9.06 -4.11  323.29 1

P '

-1.50 0.50 -0.50 7 43.99 -42.52  369.96 1
-2.50 {75 50.62 -107.45  447.79 2
-1.50 1.50 -1.50 394.24 36.34 -39.38 397.87 1
0.50° 369.76 81.39 -153.17  408.43 1

. 4.50 358.63 4.03 _ -61.08 363.82 . 1.

-1.50 2.50  -3.50 438.43 - 3.53 -91.48 . 447.89 1
~2.50 412.62 15.33 -69.47 418.71° 2
-1.50. 425.28 '74.72 . -108.31 445.17 1
-0.50 366.96 62.92 -26.43  373.25 1
0.50 . 389.09 43.42. -61.24  396.27 2

1.50 391.09 39.55 -81.01 = 401.35 - 1 .

2.50 360.06 30.74  -19.40 361.89 1.

- 4.50 ~  356.12 62.18 -32.32 362.95 1
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Profile #22, cont'd.

Z-axis Y-axis X-axis X Y z Vel., ~ No. of
(mm/sec) readings

-1.50 3.50 1.50 380 ' 59.15 -61.02 389.39 1
4.50 339.88 45.45 -44.10 345.73 2
5.50 379.38 57.30 ~47.14 386.57 1
-2.50 3.50 ° -1.50 462.15 29.07 -32.02 464.16 1
-0.50 488.31 48.63  -63.53 494.82 1
0.50 385.70 34.31 -51.11 390.58 1

2.50 386.93 60.26 -50.15 394.79 5
4.50 328.38 61.58 -59.86 339.42 3
7.50 388.03 38.54 -45.89 392.63 1
~3.50 , 0.50 3.50 335.36 43.00 -40.41 340.51 1
-3.50 1.50 =-2.50 377.96 -19.28 -86.35 388.18 1
-1.50 445.66 36.44 -59.60 451.10 1
0.50 437.00 31.13 -94.58 448.20 1
3.50 369.19 137.38 -121.04 412.10 1
4.50 343.44 14.43 -49.16 347.24 1
5450 319.01 26.36 -66.72 326.98 1
-3.50 2.50 =3.50 429.75 25.27 -142.88 453.58 1
) -2.50 301.85 2.34 -43.53 304.98 2
1.50° 368.02 42.78 -91.91 381.73 3
2.50 406.67 31.78 -64.34 412.95 2
5.50 368.75 57.08 * -80.42 381.71 1
6.50 . 328.99 31.48 -59.90 335.88 1
7.50 292.87 °38.20 -69.76 303.47 1
8.50 355.19 22.08 -35.78 357.67 1
3.50 ~1.50 464.30 43.47 -67.22 471.15 1

3.50 403.58 12.57 -27.03 404.68 1,
5.50 378.77 63.30.  21.63 384.63 1
7.50 330.30 19.92 22.24  331.65 1
-4.50 1.50 =-0.50 293.76  26.69 -97.50 310.66 1
-4.50 2.50 -2.50 424.60° 11.28 -66.88 429.98 - 2
: -1.50 424.04 -5.19 -107.29 437.43 1
-0.50 455.74 18.67 _-68.70 461.27 1
5.50- 350.19 14.17 - -82.79 356.05 1
w 6.50 382.66  34.29  -37. 385.98 C 1
: 1

7.50 128.58 56.53 -47.34 336.75

|

-4.50 3.50  4.50 345.87 -18.67 -29.78 347.65



Axes coordinates

Z-axi

-3.50

-3.50

-3.50
-3.50

-2.50

-=2.50

Velocity Profile #23a

Flume velocity data:

No.

of readings:

No. of readings placed on grid:

Mean thoracic position (mm)

Mean head position (mm)

Actual image magnification factor:
Prism image magnification:
Mean angle of camera axis to tank bottom:
Film speed (fps):

Strobe speed (fpm):

()

s Y-axis

0.50

1.50

2.50
3.50

0.50

1.50

X-axis

-4.50
4.50
6.50

-4.50
-3.50
-2.50
-1.50

1.50

4.50
6.50

-1.50
-0.50
0.50
1.50
2.50
3.50
5.50
6.50

-1.50
-0.50
1.50
6.50

190.

145
128
(X,¥,2): 2.79, 0.75, 0.07
(X,Y,2): 4.45, 1.07, -0.03
24.04 ’
20.29
96.3
12
19,400
Vector components
(mm)
X Y Z vel. No. of
(mm/sec) readings
104.90 -1.00 -5.60 105.06 1
143.30 9.82 -8.25 143.88 1
65.11  -2.76 S 2.10 65.20 1
113.23 -8.55 =27.25 116.90 1
119.51 8.95 -21.75 '121.80 1
135.19 1.20 -0.14 135.19 1
151.67- . 18.18 --15.45 153.53 1
121.92 9.08 3.60 122,31 1
156.25 8.77 -29.82 159.32 1
125.77  33.04 -6.18 130.18 1
119.91 10.19 -34.40 121.20 1
136.57 -1.94 ~0.80 136.59 1
70.25 -1.81  =2.29 70.31 1
73.07 3.13 -3.58 73.23 2
106.42  0.80  -11.38 107.03 2
154.83 0.24 -17.05 155.76 1
80.70 6.20 3.61 81.02 2
51.80 0.47 5.00 52.05 3
105.74 -5.37 -17.94 - 107.38 1 -
146.62 ~-10.35 -33.12 150.67 - 1 ,
116.04 2.62 9.09 116.42 2/
6.89 ~7.82 100.49 1/

99..95
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Profile #23a, cont'd.

’

Z-axis Y-axis X-axis X Y Z Vel. No. of
(mm/sec) readings

-2.50 2.50 -1.50 184.84 5.60  -17.50 185.75 1
-2.50 3.50 =2.50 181.29  1.69 -32.58 384.20 1
4.50 159.26 27.96 -14.46 153.92 1
-1.50 1.50 -3.50 144.92  4.43 -19.61  140.31 1
-2.50 149.67 -7.54 -13.67 150.48 1
- 0.50 129.74 10.55 - -8.98 - 130.48 1
1.50 99.92 0.50 -12.39 100.68 3
2.50 117.91 6.30 -12.08 118.69 1
4.50 119.58 -0.33 -5.79 119.72 2
5.50 67.02 2.56 6.41 67.37 8
6.50 42.03  0.97 7.78 42.76 4
7.50. 49.67 4.82 9.19 50.74 1
-1.50 1.50 9.50 138.98 6.41 -4.50 139.20 1
A4
-1.50 2.50 -3.50 114.37 1.39 -7.54 114.62 1
1.50 154.59 19.78 -22.32 157. 44 1
2.50 °  141.94 24.48 -16.79 145.01 1
. 3.50 142.23 3.74 -35.77 146.71 1
- 4.50 135,11 24.90 -12.54 137.96 1
‘ 6.50 151.00 -0.03 -4.58 151.07 1
-1.50 3.50 -4.50 137.70 ~-4.11 -25.23 140.05 1
' ~1.50 121.77  7.26 -19.96 123.61 1.
4.50 150.26 27.96 - -14.46 153.52 1
~0.50 0.50 -1.50 117.55 6.14 ~27.37 120.85 3
-0.50 28.78 3.08 -16.15 33.14 1
4,50 78.00 -1.99 -4.79  -.78.17 1
6.50 39.43  2.25 15.45 42.43 1
-0.50 1.50 1.50 154.60 11.12 220.45 156.34 2
: 2.50 . 127.93 -3.85 -14.16 128.77 1
3.50 181.39 30.53 -31.87 186.68 1
6.50 74.22 1.0l -23.11. 77.74 1
8.50 - 127.73  3.92 -2.07  127.80 1
~0.50 2.50 -j(vo 125.29 -8.73 -17.86 126.85 2
' 0150 146.87 16.43  -12.70  148.33 2
1.50 186.38 13.22 -9.33 187.08 1
2.50 155.27 14.28 = -8.33 156.15 3
3.50 49.70 1.37 0.70 49.72 1
4.50 142.89 11.26 -19.86 144.71 2
cont'd.
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Profile #23a, cont'd.
Z-axis Y-axis X-axis X Y Z vel. No. of
(mm/sec) readings
-0.50 3.50 -4.50 111.16 -3.44 -13.23 112.00 1
-2.50 137.?0 9.45 -22.15 139.49 1
2.50 137'80, 15.43 -16.33 7 139.63 2
-0.50 4.50 4.50 175;26 26.95 -3.33 177.35 1
5.50 157.79 10.68 ~-9.22 158.42 1
7.50 142.69 14.76 -7.36 143.64 1
8.50 135.20 5.07 -5.37 135.40 1
0.50 0.50 2.50 157.10 18.15 -27.68 160.55 1
0.50 1.50 -1.50 169.12 16.06 - -31.98 172.86 1
- .-0.50 149.32 4.52 -20.53 '~ 150.80 1
1.50 56.68 ~ 3.12 -2.67 " 54.83 1
2.50 152.15 3.3Q -4.53 152.48 2
3.50 150.55 14.51 =5.22 151.34 1
5.50 58.43 6.21 -0.72 58.77 2
0.50 2.50 -0.50 163.54 13.91 423.26 165.77 73
4.50 60.51 23.10 -72.60 97.34 1
5.50 148.04 12.39 -11.10 148.97 2
0.50 3.50 2.50 100.25 5.71 ~16.34 101.78 1
- 4.50 148.87 4.25 -18.49 150.07 2
5.50 158.83 18.04 -11.71 160.28 1
7.50 142.32 30.27 ~24.55 147.56 1
0.50 4.50.  2.50 159.58  8.82 -20.25  161.10 1
3.50 152.81 -18.58 9:.78 154.24 1
6.50 162.79 11.60- -0.63 163.20 1
1.50 1.50 -1.50 163.33 26.96 -1.67 165.55 1
: ~-0.50 171.15 15.46 -1.53 171.86 1
-0.50 121.84 2.60 -23.57 124.13 1
1.50 151.11° 15.57 -5.11 151.99 1
3.50 148.40 17.08 ~-22.63 151.09 1
1.50 2.50 2.50 188.54 19.78 -10.75 189.87 1
) 4.50 151.55 2.78 1.65 151.59 1
5.50 130.12 14.06 22.73 132.85 1l
1.50 3.50 1.50 134.77 21.26 -32.43 140.24 1
‘ 3.50 131.47 4.35 -9.38 131.88 1



Velocity Profile #23b
‘Flume velocity data:

No. of readings: 145
No. of readings placed on grid: 141! .

-Mean thoracic position (mm) (X,Y,2Z):% 2.79, 0.75, 0.07
Mean head position. (mm) (X,Y,Z): 4.45, 1.07, -0.03
Actual image magnification® factor: 24.04
Prism image magnification:20.29
Mean angle of camera axis to tank bottbm: 96.3
Film speed (fps): 12

Strobe speed (fpm): 19,400 - \
Axes coordinates .+ Vector cbﬁponents
(mm) ' (mm)"
Z-axis Y-axis X-axis X ' Y = Z Vel. No. of
{ (mm/sec) readings
1.00 -1.00 -1.00 . 28.75 2.11 -16.76 : 33.34 1
! .
& - ’ I
1.00 1.00 ~-1.00. 167.87 19.49 -11.73  169.40 3
1.00 119.74 6.45 -12.97 ' 120.61 4
. 3.00 152.07 11.35 -14.92. - 153.22 5
5.00 58.43 6.21 -0.72 58.77 2
.1.00 - 3.00 -1.00 163.54 13.91 -23.26 165.77 3
' 1.00 134.77 21.26 -32.43 ' 140.24 1
3.00° 140.10 9.95 -12.15 140.98 3
5.00 136.85 11.41 -14.90 138.14 8
7.00 142.32 30.27 -24.55 147 .56 1
1.00 5.00 3.00 ’156;19 ~-4.88 -5.24  156.36 2
7.00 162.79 11.60 © =0.63 163.20 _ 1
-1.00 -1.00 -3.00 80.53 -1.36 -8.02 80.94 2
-1.00 77.09 5.64 -13.63 78.49 2
1.00 ° 49.76 4.33 -0.17 49.95 3
5.00 : 36.99- 0.92 10.05 38.34 2
-1.00 1.00 -3.00" 144.92 4.43 -19.61 146.31 1
-1.00 106.22 2.79 -22.38 108.59 5
S 1.00 123.12 5.72 ~14.51 124.10 6
200 142.41° 11.00 -19.37 144.14 3
77.57 1.62 3.17 % 77.65 11
47.35 1.71 4.67 47.61 7
f 133.35 5.17 -3.29 , 133.49 2
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Profile #23b, cont'd.

Z-axis - Y-axis X-axis X Y yA . Vel. No. of
| v (mm/sec) readings
-1.00 3.00 -5.00 124.43  =3.77  -19.23 125.96 2
-3.00 125.58 -1.66 -16.35 126.65 4
-1.00 121.77 7.26 -19.96 123.61 1
1.00 156.00 14.68 -=14.39 157.35 5
3.00 125.28 9.76 -11.90 126.22 7
5.00 . 141.13 17.72 -16.58 143.20 6
7.00 151.00 -0.03 ° -4.58 . 151.07 1
-1.00 5.00. 5.00 © 166.52 18.82  -6.28  167.70 2
7.00 142.69 14.76 -.-7.38 143.64 1
9.00 135.20 5.07 -5.37 135.40 1
-3.00 -1.00 -1.00 43.99 2.78 -9.92  45.18 1
1.00 46.89 . 0.99 0.52 46 .90 2
-3.00 1.00°  =5.00 109.07 -4.78 -16.68 110.44 2
-3.00 127.35 5.07 -10.94 127.92 2
~1.00 132.10 2.14 . -16.34  133.13 5
1.00 95.07 3.13 -i;g; 95.26 6
3.00 122.56 0.62  -137%7 123.28 3
5.00 101.57 7.41 ~0.35 101.84 3
- 7.00° - 64.09 1.11 '1.86 64.13 5
-3.00 3.00 .-=3.00 181.29 1.69 . -32.58 184.20 1
’ -1.00 184.84 5.60 -17.50 185.75 1
5.00 156.25  8.77  =-29.82 159.32 1
7.00 125.77 = 33.04 -6.18 130.18 1
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Appendix B. Calculation of mean concentration of particles [p]'
to which larvae were exposed
‘The area under the curve of the plot of particle/ml against
time represents the mean concentration of particles, [p], to
. AN

which larvae are exposed. An estimate of this concentration

is the Y of [p] plotted against time (fig. A.l). Since
! Y = a +'bX where Y is [p] ,
1\ ' . a is the Y intercept, b is the
slope, and X is time, then
(p] ) 4 L.
1 =a 2
min ——

Fig. B.l. [p] plot against time.

In 'doubled’ experiments where:

l refers to the curve based on the first type of particle
added, and

" 2 refers to, the curve based on the second type of particle
added, ' '

3 refers to ﬁhé curve based on both types of particles
present during the 2nd period (fig. A.2).

= estimate of mean {p] for the 1lst

Y, =
time period (ti), (e.g. 60 min),
Y, = estimate of mean [ p] for the 2nd

time period (t;), (e.g. 30 min, and
is based on curve 3.

Fig. B.2. [p] plot against time, 'doubled' experiment.

co‘nt 'd
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Appendix B, con;'d.

Estimate for the longer (e.g: 90 min) feeding period:

;-{_3 = (?1 x ty) + (?2 x tjo) . .

t) + t2

Estimate for the shorter period = Y;
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Appendixﬂc. Estimates of mean concentration of particles

1% e
. for each experiment

Eth' Regression of [p] against time (p] [P] :vWelght
— estimate estimate particle
L Y int. slope F no. Y ‘balculatedl.(approximatez) added?
' {mgm)
.,
la 11.90, -0.1942 38.52 ** .08 - * 12.83 - 12.64 1.0g
1b 87.35 ~0.8135 600.62*** 26,34 . 26.34 26.07 1.0r
2 L 1.2478 -0.0081 43.15 * 1.1262 I3.73 13.23 1.0g
3 43.29 -0.5423 166.53 ** 35.15 35.15 '34.46 1.0r
4a L 1.5425 -0.0029 9.28 * 1.4567 31.25 28.71 1l.0r
4b 72.66 ~0.4822 12.04 *t 36.50 36.50 29.60 1.0g
S5a L 1.4163 -0.0108 13.77 -+ 1.0839 10.02 7.80 1.0r
5b L 1.9778 -0.0164 8.96 T .0.7463 5.79 5.32 1.0g9
6 L 1.6555 -0.0186 424.49 ** 1.3761 23.77 22.44 1.0r
7 L 1.4816 =-0.0271 540.79 ** 1.0753 11.89 11.02 2.0g
8a L 1.8297 -0.0105 '6.69 *t 1.6731 53.10 46.52 2.0r
8b 69.87 -0.2398 ° 0.83, 59.08 59.08 © 55.07 2.Cg
9a L 1.6782 -0.0045 6.47 + °1.5513 75.16 4 63.82 2.0g
9b 141.16 -0.5871 0.55 114.74 114.74 104.89 2.0r
10a- L 1.3509 -0.0140 35.71 ** 0.9298 6.88 " 8.20 2.0r
10b 8.11 -0.0598 2.76 3.63 g 3.63 . 3.60 2.0g
lla L+ 1.3299 -0.0111 42.29 * 1.1634 10.69 10.84 ~0.5r
11lb L 1.4129 -0.0078 9.07 + 0.9443 8.80 8.85 0.5g
l2a L 1.2623 -~0.0159 163.46 ** 1.1245 7.02 .- 7.15 0.5r
12b L 1.3461 -0.0124 52.86 * 0.6021 4.00 3.91 0.5g
13a L 1.3721 -0.0048 8.32 1.2998 19.88 - 19.08 0.5r
13b L 1.6040 -0.0051 188.20 ** 1.2977 ' 19.85 18.98 0.5g
l4a L 0.6098 ~0.0198 16.34 * 0.3128 23.34 20.23 4.0g
14b L 1.8250 -0.0039 1.01 1.6496 44.63 45,33\ 4.0r
15a L - 2.4720 - -0.0062 17.52 _* 2.1944 156.43 144.95 4.0r
15b . L ., 2.32709 -0.0082 69.14 ** 12,2041 158.22 151.70 4.0qg
L = logarithmic transformation applied.
Y int. = Y intBrcept.
1 = calculated as in Appendix B. ,
2 = area under curve of plot of [p] (raw data) with time (included for

comparison with calcul. [p] estimate).
green particles (diameter of 30p -~ 40u)
red particles (diameter of 20u ~ 30u)

=49
r

¥ # significant at level of P = 0.1.
*, **, **% = a5 in text
. F = explained sum of squares ‘ _Z 22

unexplained sum of squares I d
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Appendix D. Numbers of larvae of Simulium vittatum in each class

and total numbers of larvae examined in each experiment

Expt. S Larval Class ‘ Total'nuhbers
Small Medium Large .Large P. .Examihéd In flume!
1 322 410 63 229 1094 3000
2 98 254 43 52 447 450 \
3 110 | 34i' 19 29 500 520
4 _‘66.. 327  55 53 501 520
5 97 79w | 45 " 558 980
P 12. . 250 ° 37 58 357 360
7. 43 344 - a4 8 469 . . 530
8 38 394 84 43 559 - 680
9 s 363, 81 37 486 510 '
10 12 442 66 16 - s38 770
11 76 439 . 85 20 620 . 700
12 69 417 83 1 581 620
13 114 303 65 37 519 830
14 76 344 84 23 : 527 1600
15 69 290 N 9% 57 ‘ 512 1500
2 9 :

1 Rounded off to nearest 10.

1
e




Appendix E. Parasitism'of larvae of Simulium vittatum

Table I. Large parasitizedlarvae

1

199.

Expt. 2 Proto. Multiple Para. Total Pecrcent Percent
- Nematodes . i
N para. para.by para. by
5 W _q " Sum - Proto.+ N. >1N. nématodes microsp:
1 11 84 120 215 8 3 3 229" 59.39 2.2
2. 3 19 25 a7 4 1 ‘ 52 49,47 .21
3 3 6 15 24 4 1 29 50.00 8.53
4 12 28 40 7 . 1 5 53 40.00 7.00
5 14 21 35 3 2" 5. 45 42.68 3.66
6 1 32 19 52 3 1 2 58 54.77 3.16,
7 1 19. 15 35 2 1 38 43.75 2.50 .
8 3 18 18 39 4 1 44 30.71 3.15
.9 4 16 11 31 6 37 26.27 5.08
10 1 9 3 13 3 16 15.85 3.66
11 7 .9 16 3 - 19 14,95 2.80
12 S 4 9 2 . 11 6.12" 1.36
13 3 17 7 27 5 bt 4 37 26.42 4.90
14 2 10 5 17 2 3 22 17.00 2.00
15 5 28 13 16 :9 2 57 31.29. . 6.12
Sum 37 296 . 313 646 65 J 9 27 741
21 s
673 74 ' k
Percentage parasitized with nematodes: 91.13%
Percentage parasitized with protozoans: 1l.1l% l
Percentage large larvae parasitized: - 34.37%'»‘ W
. . P R N,
Table II. Medium parasitized' larvae
Expt. . 2 Proto. Multiple Para. Total Percent Percent
Nematodes g T para. parafby para. by
‘s w g Sum ~ Proto.+ N. >1 N. nematodes microsp.'
1 8 13 11 32 2 I O _ .35 7.16 '0.04
-2 6 7 . 2 15 37 18 5.51° 0.01
3° 3 2 1 6 3 -9 1.21 0.85
4 2 2 -3 5 0.60 0.90
5 5 2 9 ' 2 11 2,31 -
6 4 1 5 1 .6 12 1.91 0.38
7 1 1 1 -3, 1 2 6 . 0.86 0.29
8 4 2 1 7. 2 1- 10 2,30 0.66
9 -1 1 ' 1 0.27 --
10 \ ’ -
11 2 2 3 ) S 0.56 0.84
12 - 1 - 1 o 1 0.33 -
13 3 1 1 5 \ 3 8- 1.6l 0.97
14 5§ 5 2 12 \\ 2 1 15 3.51 0.58 |
15 8 7 2 .17 3 21 5.33 - 0.94
Sum 41 51 25 117 26 2 11 157 ;
° A2 ,.
- 130 28

Pexcentage parasitized with nematodes: - 82.80%

\

Percentage medium larvae parasitized- 2.70%

Percentage parasitized with protozoans: 36.94% / ' T
10.96%

_Pércentaqge total population examined Eara51tized

1Collectcd from a tributary of the sturgeon River, nr..st Albert, Alberta,

in cptember and November,. 1973. \
25 = small, w = white, and g = green nematodes @

[
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Appendik F.. Numbers of larvae of Simulium vittatum in each class

with mean (arcsine) percentage gut filled.

Q
The results of one experiment are presented on'each of the
following 26 pages. Lafval class is shown above each histogram,
followed by the number of the experiment. N = number of larvae in

class; hatched bar = number of unfed larvae (0% gut filled); the

number  above each hatched bar i; the number of unfed larvae.

Small dig;repancies in number of larvae of any class -between
parts a4 and b of doubled experiments are because some larvae'we;e

- damaged during examination, and had to be discarded. : =

c
. . v

each
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Appendix F, coht'd.
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Appendix F, cont'd. ,
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Appendix F, cont'd.
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Appendix F, cont'd.
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Appendix G.
Table I. Mean (arcsine) percentage gut filled of larvae
of Simulium vittatum!
Expt: Time Larval Class
No. (min) Small (n) * Medium (n) Large (n) " Large p. (n)
10b 30 -- 47.80 (318) 55.74 (49) -—
5b 46.60 (48) 48.00 (311) 48.41 (34) . 53.14 (42)
7 - 52.83 (278) 49.88 (35) 50.58 (28)
6 - 46.70 (208) 45.52 (22) 40.04 (50)
14b 49.09 (58) 45.42 (327)" 45.03 (79) 47.51 (22)
2 48.88 (37) 45.49 (147) 54.46 (35) 49.40 (44)
1b 47.24 (58) 43.03 (211) 30.95 (43) 33.30 (212)
3 45.22 (39) 44.84 (261) - 41.63 (26)
8b 37.24 (19) 42.74 (325) 42.29 (73) 43.59 (38)
4b 45.46 (19) 41.82 (74) 47,12 (33) 46.21 (39)
15b 35.05 (26) 38.60 (254) 4Q162. (86) 40.46 (53)
9b - 41.32 (291) 40472 (66) 51.39 (32)
12b 60 - 48.71 (286) 49.60 (67)
l4a -- 53.15 (296) 52.45 (80) 52.77 (23)
11b S == 52.06 (279) 52.83 (73) .
13b 45,79 (43) 43.72" (214) 44.66 (43) 44.85 {33)
8a 43,98 (19) 54.42 (355) 53.92 (74) 48.47 {38)
9a - ~ 46.53 (289) 46.03 (67) 53.67 (36)
15a 44.09 (46)  46.97 (270) 47.53 (90) 46.71 (55)
loa 90 - 57.32 (357) 57.02 (52) -
12a - 58.53 (357) 59.27 (71) -
5a . 50.73 (50) 55.93 .(330) 53.13 (33) 52.99 (41)
lla — 60.66 (384) 62.08 (79) 60.19 (19)
la . . 52.35 (123) 51.97 (280)  47.14 (34) 47.19 (197)
13a 47.75 (72) 47.46 (250) 45.79 (57) 47.45 (35)
da 45, 47.73 (218) 49.65 (38) 49.35 (44)

40 (19)

1 Grouped according to time and availability of particles (p. 92).

\
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Appendix G.

Table II. Differences between means of (arcsine) percentage
gut filled by larvae of Simulium vittatum determined
by Duncan's New Multiple Range Test

Expt. Test! LSRy.gs LSRg. Q1 |§ - xl Signif Class with
greater X

Bl

la L,M 3.988 5.198 4.83 * M
L,S 5.727 7.120 5.21 insig.
M,S 3.519 4.625 0.38 insig.
L,Lp 0.38 0.456 0.03 insig.
1b LM 4.615 6.099 12.08 *x M
L,S 5.906 7.343  16.29 *x S
M,S 4.809 6.319 4.19 insig. :
o R ¢
2 L,M 4.491 5.902 8.97 * % L
L,S 5.777 7.592 <5. 58, insig. '
M,S 4.375 5.757 3.39 insig.
L,Lp 6.662 8.836 5.06 insig.
3 LM 6.196 8.142 0.02 insig.
L,S 7.120 9.344 0.39 insig.
M,S . 3,952 5.194 0.37 insig. - )
L,Lp 1.819 3.199 3.20 * ok L~ *
4a L,M 4.766 6.263 1.92 insig. .
L,S 8.970 11.152 4.19 insig.
M,S 6.384 8.391 2.27 insig.
L,Lp 6.764 8.889 0.30 insig.
4b L,M 5.689 7.535. . 5.35 insig.
- L,S - 7.615 ' 10.007. 1.71 insig. - -
M,S 6.478 8.589 . 3.64 insig.
L,Lp ' 7.341 © 9.650 0.26 insig.

1 g = large larvae, M = medium larvae, S = small larvae, Lp = ldrge
parasitized larvae. \ b

+ denotes those tests which differ in significancde from the results
of analysis of variance (fig.2,3a, b, c). ’

* = probability of 0.0Svor less, ** = probability of 0.0l or less.

a _ © cont'd.
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Appendix G. Table II, cont'd.

\\Expt.‘ Test!  LSRg. s LSRqg. 01 ,>‘< - i, Signif. Class with
) greater X
Sa LM 4.105 5.395 . 2.'80 insig.
L,S 5.740 7.544 2.40 insigqg.
M,S 3.394 4.477 5.20 . xx M
L,Lp 3 (assumed insig.)
5b L,M ) 4.124 5.420 0.41 - insigq. . .
L,S.. °~ 4.898 6.089 1.81 insiq.
' M,S 1.657 2.178 1.40 insig.
L,Lp . 6.630 8.715 2.73 insig.
6 L,M 4.579 ° 6.018 1.18 insigq.
L,Lp 5.178 6.926 5.48 * L
7 LM 4.279 5.715 2.95 insig.
L,Lp 6.106 8.115 0.70 insig.
8a . L,M ° 2.918 - 3.836 0.45 insig.
°L,S 6.229 8.7258 9.99 * % L
M,S 5.488 7.213 10.44 * M
.L,Lp 4.712 6.325 5.50 * L
8b L,M 12.799 3.679 0.45 insig.
L,S 5.161 6.654 5.05 insig. -
M,S . .8.682 10.794 . 5.50 insig.
L,Lp 4.644 6.152 1.30 insig.
9a  L,M 3.021 3.970 0.50 insig.
L,Lp  5.734 6.772 _7.64 o Lp
. s :
% L,M  3.309 4.349 0.68  insig.
L,Lp 6.59% 7.407 10.62 * % ; Lp
1%9a  L,M 4.502 6.021 7.94 ** ' L
L,Lp . 9.768 12.990 2.65 insig. .
10b | L,M 3.525 4.633 0.30 insig.
L,Lp 7.946 10.560 1.33 - insig.
1la L,M 3.013 3.959 1.42 .insig.
L,Lp 6.231 . 8.241 - 1.89 . insig.
115 L,M ¢ 3.085 4.053 0.77 insig.
L

Lp © 6.443 8.538 2.36 insig.

cont'd.
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Expt. Test! LSRg. 05 LSRy, g1 ,i - 2, Signif. Class with
» greater X
12a L,M §.726 11.468 0.74 insig.
12b L,M 2.586 3.398 0.89 ‘insig.
13a L,M 3.522 4.629 1.96 insig.
L,S 5.063 6.295 1.96 insig.
- M,S 3.185 4.185 0.29 insig.
L,Lp 5.061 6.710 l.66 i..siq.
13b L,M 3.878 5.096 0.94 insig.
L,S 4.995 6.564 1.13 insig.
M,S 3.883 5.103 2.07 insig.
ld4a LN 2.844 3.737 0.70 insigq. \
L,s 6.167 8.105 4.56 insigqg.
M,S 5.596 7.355 5.26 insig.
L,Lp 5.842 6.900 0.69 insig.
14b L,M 2.705 3.555 0.39 insig.
L,s 3.589 4.461 4.06 * S
-M,S 2.993 3.934 3.67 * 'S
L,Lp 4.763 6.298 2.48 insig.
15a L,M . 2.810 3.694 2.02 insig.
L,S 5.895 7.329 5.57 insig.
M,S 5,920 7.781 3.55 insig.
L,Lp 4.781 6.284 - 0.16 insiqg.
Isb L,M 2.85%57 3,755 0.56 insig.
L,s 5.083 6.320 3.44 insig. -
-"M,S . 3.562 4.681 | 2.88 insig.
L,Lp 4.732 6.256 0.82 insig.
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Appendix H. Tests of independence (G-test) between feedin-

larval class, and experiments

Large, medium and small larvae. 30-minute experiments.

Test G af P
F x E C 1859.6 47 ok x
F x 862.4 9 * kA
C «x 461.0 18 * ok ok
F x . 549.0 27 * Xk
interaction -12.8 18 insig.
-1859.6 47

Conditional independence of C overﬁF:

unfed

fed

448.2 36 *Kx

218.2 18 *kx
229.6 18 *xx
447.8 36

Independence over E, of C x F: 862.40+ 1310.6, df = 40, **x*

Conditional independence of F over C:

Large
Medium
Small_

849.2 27 Kk

42.6 9 *hn
689. 4 9 >k
117.4 9 *ax
849.4 27

Independénce over E, of C x F: 849.6 + 461.0 = 1310.6, Af = 40, **=*

Paftitioning for negative interaction:

, : : A

F x E int. 53315.0 9 *hx

(F x E), C int. —-52465.4 18 * k& .
Condit. ind. F over C: 849.6 27
© € x E int. 51504.4 18

(C x E), F int. -51056.2 18
Condit. ind. C over F: 448.2 36 g o L
F = feeding, C = larval class, E = exéeriments, int. = interaction

abc

G= 2731 fijk®(fijk); dAf =abc-a - b - ¢ + 2 (Sokal and Rohlf 1969).
*** = Probability of 0.001 or less, ** = Probability of 0.0l or less,

*
i

Probability of 0.05 or less.
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Appendix H, cont'd.

'Large, medium and small larvae. 60-minute experiments. .

Test : G df P
F x E x ¢ 441.0 17 *ok
F x E 122.8 .3 *x
C xE 58.8 6 falakd ?
FxC - 252.0 2 B
interaction 7.4 _6 insig.
441.0 17

Conditional independence C Qver F:

66.2 12 * ok x
unfed 16.2 6 *
‘fed 49.6 _6 * k%
65.8 12

Independence over E, of F x C: 122.8 .+ 65.8 = 189.0, df = 15, * * Kk

Conditional independence*F*overLC: --

130.2 9 *kx
Large 29.6 3 >k
Medium 67.6 , 3 e
Small 32.6 3 *k
‘ 9

129.8

Independence over E, of F x C: 130.2 + 58.8 = 188.8,df = 15, **x

cont‘d.
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Appendix H, cont'd.

Large, medium and small larvae. 90-minute experiments.

Test ' ' G df p
F x C X E 454.6 17 *kox
F x E 130.8 3 *hKh
C X E 136.6 ., 6 * ok ok
FxC 198.8 6 * ok k
interaction -=11.6 6 insig.
454.6 17

Conditional independence C over F:

125.0 12 *hor
unfed : 44.0 6 *hk S,
fed 81.4 6 > x

125.4 12

Independence over E, of F x C: 125.0 + 130.8 = 155.8, df = 15, *x**

Conditional independence F over C:

119,2 9 laded
Large o 25.0 3 *hK
Medium 64.8 , 3 xR
Small 29.4 3 *kx
119.2 9

Independence over E, of F x C: 119.2 + 136.6 = 255.8, df = 15, **%.'

Partitioning for negative interaction:

F x E int. " 25035.2 3 xxk \
(E x F), C int. -24916.0 - 6 rxx
Condit. ind. F over C: 119.2 9 * %k
E x C int. 24196.2 6 xkw,
(ExC), F int. . -24071.1 6
Condit. ind. C over F: 125.2 12 *k ok

" cont'd.
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Appendix H, cont'd.

Large, medium, and large parasitized larvae. 30-minute experiments

Test G df P
F x E x C 1306.8 57 T
F x E ' 608.0 11 * ok x
C xE 437.0 22 * ek
FxC . ©105.8 2 *okk
interaction 156.0 22 xR
1306.8 57

Conditional independence C over F:

593.0 44 *x
unfed 52.6 22 *x
fed 540.4 22 * ok
593.1 44

Independence over E, of F x C: 608.0 + 593.0 = 1201.0, df = 55, #%%

Conditional_}ndependen;e F over C:

764.0 33 *x ok
Large v 44.8 11 fallaled
Medium 697.2 11 *x K
Large P. , 22.0 11 *
: 764.0 33

Independence over'E of F x C: 437.0 + 764.0 = 1201.0, df = 55, ekl

cont'd.
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Large, medium, and large parasitized larvae. 60-minute experiments.

Test G af P
F x E x C 148.2 22 * ok
F xE 101.4 4 Fhk
C x E 27.0 8 * ok k
FxcC ‘ 10.2 2 * ok ok
interaction i 9.6 8 insig.
148.2 22
Conditional independence of C over F:
36.6° 16 ool
unfed 9.8 8 insiqg.
fed 26.8 8 * %k
36.6 16
Independence over E, of F x C: 36.6 + 101.4 = 138.0, Af = 20, **=*
Conditional independence of F over C:
111.¢0 12 Fhk P
Large " .30.4 4 I
Medium 76.2 4 T Kk
Large P. 4.4 -4 insigqg.
: 111.0 12
Independence over E,_bf FxC: 111.0 + 27.0 = 138.0, d4f = 20, ***

cont'd.
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Appendix H, cont'd. .

Large, Medium, and large parasitized larvae. 90-minute experiments.

Test . G ar P
F " x E x C 410.6 22 *hx
F x E 100.8 4 * %k
C x E 251.8 8 * %k
F x C : : "17.0 2 * Kk
interaction : 41.0 8 *xk
410.6 22

Conditional independence of C over F:

292.8 16 *k
unfed 31.6 8 *hk
fed 261.4 8 ko

293.0 16

Independence over E, of F x C: 293.0 + 100.8 = 393.6, df = 20, ***

Conditional independence of F over C:

141.8 12 * ok %
Large , 43.0 4 falalled
Medium . 94.4 4 * %k
Large P. 5.2 _4 insig.
142.6 12

Independence over E, of F x C: 141.8 + 251.8 = 393.6, Af = 20, ***



