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ABSTRACT

Nymphs of Isonychla campestrls McDunnough and larvae df

R LN

,'. Simul fum bivittatum Malloch, fed mixtures of six size

classes of polystyrene‘particles captured particles that
were smaller than the pore spaces between fllterlng ’
structures more efflctently than was expected 1f fllters
functloned only as mechanical sieves. Capture eff1c1ency Was
hlghest for the’ smallest (i.e. O. 5um - 5.7um) partlcles.“

It is shown that dirgct 1nterceptlon and diffusive.

and.or- motlle partxcle dep051*10n are mechanisms bv which

'smaller partlcles reach leter Surface The latter mechanism,

I

' ‘15 a better predlctor of size dlstrlbutloh'of such small

paftlcles whlch were caught and consumed by both 1nsects
dhe51on of partlcles is probably by electrostatlc
attractlon/surface chemlcal effects. -

A density gradrent technlque used to recovet partlcles
dtrom guts of 1insects’ elwmlnated natural faecal materlals and
enabled counts of»total'number of partlcles consumed_by‘each
insect. | | - . | |

Fluld mechanlcal aspects ‘of- the. study indicate that
ttiter -eeding ;n*1mmaturesfof both insects 1is characterized
by low Reynolds number (Re) (i.é. Re‘¥_0.02 - 3.95. |
éradient%wof velocity in the boundary layer arbudd‘raye of
scaled-up models of portions oftfilters,.towed through-
Canola oil, revealed that - capture of small particles*occu:ai
in the v1scous boundary layer closest to the ray Adheaion'

of such small particles is enhanced,bywtne;. neutral

1v .



bouyancy which increases the transit time 1in the filters.

Boundary layer tthkheSS around scaled-up models showed
ﬁhat there was very little flow between adjacenp rays of
filters of larvae of S. bivittatum up to Re value of 0.49
.(reai life eouivalent of 10.0 cm/sec and Re of 1.39 (17.5
cm/sec) f6r nymphs of I. campestris. Mlcrotrlchla of §.
Divittétum functioned as a solid wall with no flow between
adjaoent microtrichia up to Ré of 3.98 (80.0, cm/sec and for
:~[C CambeStfiS up to Re of 7.79 (100;0 cm /sec) ; Inab111ty of
both insects to capture particles eff1c1ent1y at low
velqcities of 3.5 -'4.2 cm/sec is attributed to the lack ‘of
\suiagble currents. High fofm drag on filters and other parts
of the 1nsects and decreased boundary iayer thlckness }
account for ‘low retentlon eff1c1ency at . hlgh Velocltles of
35.0 - 47 0 cm/sec |

It is suggested that aggregatlon in both .insects may be -

a behav1oural adaptatlon for: Optllelng foraglng
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1. INTRODUCTION
The 1mportance of” fllter feedlng as a domlnant process

of prlmary consumptlon in freshwater -and marlne ‘environments.

A_1s well known. It has served as mot1vatlon for numerous'

) v/

studles on structure, flltratlon mechanlsms and eff1C1ency
of fllters used to capture particles. Information from -such

studles have been used’ to estimate type and amount of seston.

. Drocessed b) fllter feeoers in order to determine th81f

'1mportance as prlmary consumers J¢rgensen (1949, 966

1975 976) presented 1nformarlon on various . structures used

for filter feeolng and metabollc costs assoc1ated w1th water

. tr ansport throuoh them, 1n manv marlne filter - feeders

Several other stud1es (Bulllvant 1968bf‘Paffenhoffer;and
Strlckland 1970; vOger,~1974,1976; 1977, 1978a, 1978b;

Strathman et a1.1972; Strathmang"1973; Reiswig, 1971b,.

1975b) have dealt with meChanisms of filter feeding 1in

-taxonomlcally diverse marine organlsms Filter feeding in

freshwater envrronments is known from dlfferent ‘groups

(Merrit and Cummlngs 1978- Wallace and Merrlt, 1980).

y

Phylogenetlc stu01es of extant superfamlrles of mayflies

(MaCarfferty and.Edmunds; 1879} and other studies-on

“~hlackflies (Puri1, 1925; Fortner, 1937: Grenier, 1949;
. Crosskey, 1960; Craig, 1969; Wood, 1678) support the
- w5uggestion of Resh and Solem (1978), Wallace and Merrit

(1980) that filter feeding evolved independently several -

times in freshwater macroinvertebrates.



S o . .
~ Wallace (1975), Wallace and Sherberger (19759, Malas

“and Wallace 01977) Wallace et~al. (1977) report on fllterlng -

) B
mechanlsms in net splnnlng caddlsfl1es_hMallace and O' Hop

‘(1979) gave 1nformat10n on mechanlsng of’ f1ne partlcler
‘capture in mayflles Isonychla spp. Gallep (1974), Gallep and
‘Hasler (1975) dlscussed fllterlng mechanlsms in the |
,caddisflies Bﬁachycentnus amerlcanus Banks and-
Brachycentnus spp

Flltér feedlng hechanlsms of larval blackflies have
recelved more attentlon due to the pest status of thlS
‘dlpteran Chance (1970) reviewed much of the work on
structure and functioen of cephallc fans (Figure l) of larval
blackflies and associated mouthpart54 Craig (l974. l977)
presented studies of morphology, development and related i'
functlons of 51mu111d mouthparts Chance (1977) reviewed :
. feeding behaviour of some blackfly larvae..This review and.
other‘publications (Freeden ,19é4; Wotton,'1976, 1977,
l§78b, déeo, 1982; Carlsson et al, 1977; wallace and o'nop,
t1979 Ross and Craig 1980 Cralg and Chance, 1982)'show that
) larvae of blackflleS and nymphs of Isonychla spp can 1ngest
‘partlcles ln the size class of 0.091 to 350.0um¢_WottDn\ '“EA

t,i.
'(1978b) re orted that over 80% of all part1cles 1ngé¢tea,by@i-

F e,

Metacnephla tPedeCImatum Edwards in a Swedlsh lake outlet

were less than 2.,0pum 1nm dlameter Other studles,(Wotton
1977; Ku tak, 1979) found that 50%. of partlcles 1ngested by
blackfly larvae were less than .Oum in dlameter Merrlt et

al. (1 19 2) found that the majorlty of - partlcles in the guts



of blackfly larvae to be less than O:5um. Hamilton (19795

gave size dlStrlbUthﬂ of part1c1es consumed by some

‘ ephemeropteran nymphs., Wallace and O' Hop (1979) reported a.
range of coarse particulate organic matter (CPOM), and fine
particulate'organic matter (FPOM) in the gut of Isonychia
species tound in some streams in .southeastern U.S.A. They
proposed that nymphs of this mayfly are capable of capturlng
wpartlclesfas small as 0.021 - 1.0um based on measurement of
spaces between adjacent rays.

Desplte the large- amount of information on structure of
filters and size of partlcles they 1ngest 'mechanlsms by
which f1lter1ng takes place 1in larval blackflies,

'caddlsflles and nymphs of mayflies have been attrwbuted
generally to dlrect 51ev1ng The lack of 1nformatlon on .
other mechanlsms was mostly due to dlfflCUltles 1nvolved in
flow v1suallzatlon because of the small size of fllters The
function of filters as mechan1ca1 sreves was, demonstrated

* for larualvblacxflles by Noel—Buxton (1956), Kershaw et al.

'5(1965,'1563),'Chance‘(1970) Kurtak (5973 1978), Gailep

(1974}, Callépuand nasiec_(é75) showed that filters of
‘larua‘ caddlsﬁlles ¢an behave as S1eves Wallade and O'Hop -

'(19&5 demonstrated 51ev1ng capablllty of fllters of nymphs
of Isonych/a spec1es | |

An early 51ev1ng model was proposed by Alder and
'Haricock (1852). ano predlcts that all partlcles smalrer thanV
pores‘between-f terlng rays w1ll not be captured however,

-wallengrenb(1905) proposed that partlcles_smaller than pore

3

{



o
spaces could. be‘Captured'when theglcollide and.adhere-to ’
stlcky substahces on lpdividhallfibers; o ' |
Rubensteln and ‘Koehl (1977) combined the‘concept of
Wallengren'(1905) w1th hydrodynamlc pr1nc1ples -and ‘they
proposed that 1n add1tlon to 51ev1ng, it 1s p0551ble that

most blologlcal fllters may capture partlcles by f1ve

mechanlsms, ﬁamely;

1, Direct. interception (Ng;):
\
When the center of a massless partlcle follow1ng a
streamllne'comes wlthrn one partlcle radlus (dp/ 2) of ‘a

_fllter 1t will contact the flber and be captured The

lhlntens1ty of dlrect 1nterceptlon can be expressed by the

dimen51onless 1ndex;

Nay = dp/dy e (D7

- { : ! . -
where dP = diameter of particle, d = diameter of fiberusy

2. Inertial 1mpact1on (N;):

Partlcles w1th mass tend to follow streamlines untll
the fluid is diverted and accelerated as it passes around.
the fiber. Then_due to thelr own rnertla,dthe partlcles tend -
to deviate from the streamline. Such particles are'
intercepted by the fiber if they pass,withih one particle
radius of the fiber. The followingilndex describes the -

_intensity of deposition by inertial impaction:



N, = [(pp - p )dZV,]/IBUdg....;(Z)
where pn = den51ty of ‘the medium, bP =density of a particle.
uo= dynamlc viscosity of the medlum.

V¢ = velocity upstream away from effect of the fllters.

3. Gravitional deposition (N9a5:

?articles denser than‘ﬁherflﬁi&‘jn’wﬁich'they are
:dispefsea tend to'sink.‘lf a.patticié'fails withih'one
,partlcle radlus of the fiber, it will be intefcepted.gfhe
dimensionless: xrdex expressing &he 1nten51tv'of partlcla

“u

capture due tc gravitatioh 153

N9d:-v9/vo...}..ﬁ3)
‘where Vg = [dﬁg(pp—pm)]/18u'
V. = settling Velocity of a particle

Other terms as defined above.

4. Diffusion o:.motile¥parﬁi¢la”aeposition (Nggl:
Very small patticlesfdisplaytfandom Brownian motion as
"they collide w1th moleaules of the surroundlﬂg medium.’ AS a
resulc, the trajectorles of these part1cle5 dev1abe from the
streamlines The 1nten51ty of capture ‘due to the motlon of

particies out of the Streamllne 18t

Nyog'= K_T/dp [ ,'/13Tf'UVod,

&

" Boltzman's constant.

.KI}

m
)

absolute temperature.



"Other terms as defined above.
5. Electrostatlc attractlon‘(NQQ)-
If the partlcle and fiber are of opp051te electr1cal
charge the partlcle Gan . be attracted to the flber and

chtured The 1nten51%y of capture due to this mechanlsm 1s:

rge‘ofﬁa partiCle.
A : R _
wms as defined above.-

A basic assumpt1on of the Rubenstlen Koehl model 1s the
presence of mucus or stlcky substances to Wthh partlcles
could adhere It is assumed also that there is 100%

.collectlon eff1c1enc;'of all partlcles Wthh contact the

5urface of fllters A .third assumptlon 15 that surface of -
'-cfllters remaln clean after partlcle 1ngestlon and pores,
between ad]acent rays’ do not become clogged A fourth
assumptlon‘(speclflcally for dlrect 1ntercept10n) 15 that %__
>> aﬁ_ 1s fiber radlus, apls partlcle radlus) Two more.
: assumptxons (spec1f1cally*for dlffu51ve dep051tlon) are that
boundary layers are thin and that the veloc1ty term |
characterlzlng mass transfer of " part1cles 1n the fllters of
‘;nsects 16 slmllar to that for an 1solated sphere' J¢rgensen.
'(¢966); Strathmanget a}. (1972) Strathmanv( 973,v 9757},
'trathman-and Bonar_(ﬁ976), Strathman and LelseA(T979)AhaQe

-
v



shown that most marine suspensidn feeders ésat their filters
with mucus} Presence of mucosubstances onsfiltess wés
'demonstratéd~fi;st'fdr insects in freéhyater envirosmenﬁs iﬁ
iarval blaskflies{(Ross'and,Cu 1980) .. Although no
mucosubStsnce secfetihg“organs have ye£ been identified 1n
cﬁher fréshwéte; insect except mosquitoes, ppssibiy.dther
'sscrepions such as their sqlfva‘coula help in particle
cépture.\.

.Mechanisms of particle captufe45uggested by Rubenstein'
and Koehl TW9775 were‘ériqinally derived for gas~borse
7par*icles and the authors showec as a first approx1matlon
that the mecbanzsms may‘be ;mpoxgant in liquid environments.
Sbiélmaﬁ:ahd quéh'(1970); Spielman and Fitzpatrick (1953),
ﬁChang}(1973),-éoren (1979), Spielman'(1977), Schrijyer'et
~al. (1981) extended these mechanisms for liquid systems to
jﬁcludevbydrodynamic 1nte;actlonsn(Hamaker, 1937; Charles'
‘aﬁd.Masbn'»1960;:Hahza'aﬁd MacDonald, 1981X‘betwéeniparticle
and COlleCtOf sThis:fntefaCtisn is attribuﬁéd’to~th¢ .
'contlnuum descrlptlon of- flu a motlon with no- Sllp at both
'collector and partlcle surfaces. Thls condltlon causes - -
isfin;te51mally slow dralnage of fluid. from the gap begseen
.”the collector and partlcle as theyvapyroagh each otheér underJ
a finite force and tends to oppose CQntact..HOWever, the
actioﬁ.of‘attractive London-van de Wééls.forces become
s*rong at such close distances ahd oveféomes ﬁhe'

IPtEFa”LlOﬂ Resul S of those studles have led to

modlflcatluxs whlch show general apollcablllty of the



Rubengtein-Koehl model to 1iquidvsysLems.

. Direct 1nterceptlon
Spielman (1977) showed by numetlcai calculatlons that
the efficiency of partlcle capture (n), for 1nterceptlon as
B i”d' = 2Af(rﬂ/r%)2J(qu,rﬁ/i).;;..;..,(6)
where A 1s the wevelengtn of-the hydrodynamic retardation

5

functﬁon (typicaily on the order of 107 ° cm) and Nég is the
dlmen51oness adheelon number : |

| | Npo = Qr.z’onuAFUrP “...ﬂ..,.;<7>
Briefly, the value of the adhe51on numberv(NAd>‘deoends on
*he ratic of. London-van de Waals aterautlve forces and
'hvdrodynamlcvretardatlon forces. LaBarbera (1984) Showed
tnat suspen51on feedlng 1s characterlzed by large. adhe51on_
number (i.e. large attract1ve forces, soO° hydrodynamlc,
“retardation 1s negligible). Inﬁormatlon,on othe:'ratlos of
the two forces and details are included. in LaBarbera's

~ paper. &

‘2._Inential impaction:

The extended theory (Spielﬁan 1977 does,not‘consider
'1nert1al 1mpactlon to be 1mportant in llquld systems because
of the low value of ‘the Stokes number for ‘most llqu1d
‘Suspended partlcleS' Spielman S flndlng,ls.at variance to
- that of Swlvester (1983) who based hls calculatwons of'
Stokes number of suspended partlcles on den51ty of partlcles;

'(i.e DP) alone 1nstead of buoyant den51ty (i.e.‘pP = pm).



3. Gravitational deposition:
The dimensioness index of capture efficiency 1s
replaced by efficiency ot capture (n) and is given by Yao et
. . L] B
al. (197l)vas: o

n = (pp wm)qdﬂ"‘Bqu...;....(B)

4. Diffusion or motile-part.ic.e deposirion:
The etficiéncy of diffusive depbsition 1s given as:
N, = 3.6k ."Pe S D
‘Spﬂelmaﬁ,‘7977; Schrijver, 9% °:; LaBarbera, 19840
~where Pe is the Pecle: nimber represented by: 2r%U'D
0 15‘the Browﬁfan diffusion coefficient represented Dy:

¢

D = KT O7TUL, v0 v v v enn
TUP

“K and T as defined in equation 4.

5. Electrcstatic attraction: ¢

Gerritsen and.Pofte: (1982 suggested that Surfacé
chemistry éf filtersxénd‘panticles could account for
iparticle adhesion at lo@ VelOCitiéslin'Déphnié‘magna and
other filter feeders which dé not coat tﬁeir filters with
mucus. Thus, they gxpanded—and redefined the
Rubenstein-kbehl model of electrostatic attraction to
include chemical interactions such as'ion}élor
hydrophobic—hydrpphilic effects. Lewin (1984) Sugges&ea that
some microorganisms (i.e. bacteria) may De aSIe to
manipuiate adhesion molecules irn tﬁe flaéella {5 enhance

‘attachment to surfaces in liguid systems. LaBarbera (1978)"
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showed that the presence of mucus on the tube feet ot
Ophiopholis aculeata (L) enabled it to capture more particle
possessing specific charges and concluded that electrostatic
attraction as defined by the Rubenstein-Koehl model 15 the
predominant mechanism of particle adhesion in this organism.
LaBarbera (1984) showed general applicability of the
oxtended mode! to aguatic systems and demonst rated the
importance of direct interception as the predominant
me-~hanism of collistion between particles and filters in Of
acluleata. Ross and Craia (1987) proposed that the mechanisms
of direct interception and inertilal impaction are important
for particle capture in Simulium vitatturw zett. , Prosimul ium
mixtum fuscum Syme and Davies and Stegopterna mutata
(Malloch). They proposed that the former mechanism may be
the predominant mode of fine particle capture. Wotton
(personal communication 1n Ross and Craig, '980) suggested
that colloidal particles and dissolved organic matter (DOM)
adhere to mucosubstance from pockets of s-i1ll or slow-moving
water formed around the microtrichia. They also proposed
that the mechanism of inertial impaction could be more '
important for large particles (eg.>100um) at high
veiocities. Silvester (1983) suggested that inertial
impaction and direct intefception are important i% particle
capture by some species of net-spinning caddisflies. His
conclusion on thé importaﬁce of inertial impaction 1s at
‘varlance tO'ﬁost'other studies (i.e. Stra nmann, 1971;

Fenchel, 1980; LaBarbera, 1984) and requires further



T

current. e

investigation.

. Principles of fluid mechanics and aquatlc 1nsects

The appllcat1on of flu1d mechan1cal pr1nc1ples to the

Study of aquat1c insects have been useful 1n understandlng

_the relation between various structures and the functlons o
they perform. Hydrodynamlcs of sw1mm1ng 1n water beetles,“-

- Acilius and Dythcus was studied by Nacht}gall(1960) and

Nachtigall and Bilo (1965). Ambihl (1959) proJided
1nformatlon on the effect of boundary layer thlckness on. the -
adaptat1ons of freshwater insects to veloc1ty Bournand
(1963) used a hydrodynamwc approach to study the effect of.,yi
current veloc1ty on trlchopteran larvae - Decamps et al | |

(1975) studled the mlcrbdlstrlbutlon of s1mu111d larvae by

'hydrodynamlc analy51s Smlth and Dartnall (1980) demontrated,ﬁ
that boundary layer control by psephenld larvae is an actlve“n

'compensatnng process agalnst be1ng swept off the substrate

Statzner and'Holm (1982) used laser doppler anemometry to

study dlstrlbutlon of veloc1ty around nymphs,of the mayfly

"EcdyOHUPus venosus and showed that hydrodynamlc 1ift was
'greatest on the thorac1c segment of the bodv They suggested.
“that dorsoventral flatness’(Ambuhl 1959) is not as

51mportant as the posztlon of appendages on the thorac1c

fsegments in preventlng nymphs from belng swept away by the yhﬁu

N



Pr1ﬁc1ples of flu1d mechanlcs and fllter feedlng

Fllter feedlng 1nvolves proce551ng water, retention of..
partlcles on filters and transfer of retalned partlcles to
the mouth Pr1nc1ples of flu1d mechan1cs are exploited to

Ty
‘Vachleve each of the three phases of feedlng

‘ A review of suspen51on feedlng in flagellates,
olllates s%onges, copepods blvalves and ascidians
r»‘(uorgensen .1983) . and other studles fo} Nell (1978), Koehl and”
>StriCkler (1981) Koehl,(1982), Vogel,(1981); Carey (1983),
Gerrltsen and Porter (19825 Porter et al.(19835,:LaBarbera‘
(1984) showed that viscous forces, play a more important role

partlcle ‘capture.in aquatlc 1nvertebrates than was
‘prev1ously reallzed Cralg and Chance (4982) showed that
water flow through cephallc fans of S. vittatum larvae 1is
laminar at a veloc1ty of 20 cm/sec A summary of
hydrodynamic prlnc1ples that are,relevaht to filter feeding
in simulild larvae ahd é?ﬁ%meropterah nymphs 1is outlined-

.below.

'lReglmes'of flows

In moving.fluids two types of flow, ‘laminar -and
_tUrbUIeht may occur.‘FlOw is laminar in s}tuatioheiwhere
flaYere of fluig in differeht_velocity,gradients'move‘
- downstream in Fmooth tra&ectories and all fluid particles
" move in parallel layers. lﬁ tur,bulent flow, the fluid
‘particles move 1in ah_irregUlar manner though the net

direction of ‘flow is downstream. The transition from laminar
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to turbuient'flow occurs 1n a.zone that i5 characterized by
both tyéés of flow. The :eésons fqt the breakdown of laminar
to turpulént floéfare goor}y unders£ood.’An important reason
for the paucity of infofmation i; that' the mathematical
eqpatidns'that'describe fiuid‘fipw defy‘soiutions 5utside

the smodbth laminar flow zone. -

Reynoldé Numbéf:,

Reyndlds number (Re) quantifies‘ﬁhe.relativé importance
of inergiai (fluid momentum) forces and viscous (fluid
stickinéss) fbfces.‘Re igdibatgs only'ghe order @f magnitude
of the two‘forées. Thé‘unfts of force can?el out making Ré_a'

A4

diménsfonless number .
M Re = VLp/u (Qogel, 1981;..;.;(11)
where v = velocity upstream and removed from the éffectvof
the fiber. ‘
L = cbaracteristic length>aimenéion.

p = density of fluid medium.

u = dynamic viscosity of medium. N

The ratio of w/p is called kinematic viscosity (y).

In a given flow, differént représéntatiyes.of the
characteristiC'léngth dimension (L) and velocities'fv) of
flow may‘be chqsgnbfér and in defining Re , hence different
values for thé”humber.-ln compafing flow éystems with Re

similarly defined, the system with the lower Re value has a

more pronounced viscous effect. Flow is usually laminar at
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Re less than 2000 and turbulent at Re greater than 10 OOO
for circular’ p1pes (Reynolds 1883) Tran51t10n to turbulent
flow occurs between Re values of 2000 and 10, OOO Generally;
Re atfthe zone of tran51tlon is a functlon of stablllty of
flow, dlmen51ons and texture of the object

Flow at very low Re values (i.e. Re -less than l)lis

characterlzed by large v1scous forces inertial forces beind
-negllglble (Fung, 1969) and flow is typlcally lamlnar and ;_1
,reversible Detalled fluld mechanlcs of flow domlnated by

v1scous forces is glven by Happel and Brenn er'(1965)

,Typlcal values .of Re for some flagellate Lro tozoa which’ l1ve3"

.1n such pecullar but ordered env1ronments have been

";‘§§alculated-by~9urcell (1977).

”Veloc1ty gradlents and boundary layers

There is: no Sllp kl.e} no relative. mot: on)hbetween a
surface and,the fluid layer.immediately"adja"nt to it. ThlS‘;
conditiOn of flowlcreateS'a gradient of veloc1ty near the
.surface due to slow1ng down of subsequent layers of flu1d
‘Veloc1ty changes from zero at the surface to that of free
‘stream flow some dlstance away The thlckness of the
7boundary layerﬂ(é); or the reglons of the. flu1d to whlch the
"v15cgus effect extends is arbltrarlly assumed to be the
','dlstfhce from the surface where the veloc1ty has 1ncreased
..to at least 99 of the free streéeam flow (Schllchtlng, 1960)

- Although 997 15 the most commonly used flgure some authors

(StrEeter and~Wylle,n1979) use 90%; Vogel (1981) p01nted out
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that the outer limit depends on the functlon for which one
1s invoking a boundary layer, and Suggests that 90%
,prOpbably has moré blologlcal 51gn1f1cance.
Re less than 1 |

Flow w1th1n a\boundary layer may be lamlnar,
transltlonal or tuébulent depending on the magnltudé of the

Re. At very low Re values the boundary layer-thicknesn & is

represented\by;

5 < d/Re ' (Fung, 19€SV..... :,-......(12)'
wbere:d = diameter of object.
:Pé = Reynolds.number :
6. thlckness of . boundary layer
Turbulent boundary layers occur at Re: >500 OOO and are
,comparatlvely thlcker than lamlnar boundary layers The
"thlckness of: a turbulent boundary layer 15 gfven as:
A | . .
5 = 0.384/Re F‘lV5ge1 °1981>2.....f;}.(13>

A no- slip condltlon exits even at very hlgh Re,. tbus w1th1n,

{, the turbulent boundary layer flow remalns lamlnar in “the’

) layer of flUld 1mmed1ately adjacent to ‘the surface Tbie
"reglon 15 known as’ the lamlnar or v1scous sublayer The

'~tblcﬁness of'the viscous sublayer 5 IS‘grven as:

'F

. where’ VF { shedr veloc1ty at the object

% = 11.54/v_ 7 (Francis, '}975>,.,,,<34}

oy o= k&nematlc‘vlscoc1ty_
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Drag in fluid flow:
‘!ag is deflned astghe rate of removal‘of nomentum from‘
a mov1ng fluid by :an 1mmersed body (Vogel 1981). By means
.of.momentum theorem, it-1is p0551ble to relate the change in
- momentum‘to the total re51stance which the body exerts on
the fluid to’cause this reduction in veiocity; The drag

experienced by .the body is represented by:

Drag = fui. Uo - U,)as. (Vogel 1981)..t.:..(15)
where p = density of flu1d at experlmental temperature
Ue = veloc1ty upstream trom objectr
. U,'==yélocity at>the,downstream reggon (i.e. in-the wake of

object).
| AS =.area of ob]ect
The phy51cal dlmen51ons of the body and cond1t1ons of. flow‘

cause it to experlence two kinds of drag forceu

4‘,Fr1ctlonal drag

| . FflCthﬂal drag is caused by 1nterlamellar stlcklness
.uf fLu1dsvi{e. no- Sllp whlch creates a shear reglon‘in a .
fflu1d near a. aurface (Koehl, @82)u Frlctlonal drag 15

"1mportant and predomlnant in-more'v*scous flow The

.magnltude of frlctlonal drag depends on the amount of'

- Jsurface a body exposes to flow and also the texture of the

" body. :
L Y.
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Pressure drag

Pressure drag ‘occurs due to the separatlon of the
boundary‘layer from‘the surface. Separatron is caused by -~
" differences in dynamiedpressure en'the.front and en the rear
: part of the surface. Energy used to accelerate fluiddpast'
the surfaee 15 not returned to it‘invtne slgwer flow near
1ts rearf(Shaplro,,190 1). The excess energy fgrms vortices
in‘tne wake. The magnitude of'pressure‘drag depends mostly

, o t
" on shape of the object. .

Drag coeffieient~(éu):

"Drag‘coe‘r1c1enu-wsgthe dlmen51onress index 'tha.t
iexpresses the magnltude of drag force encounted by a
,égbmerged»object (Ll and Lam,; 964)' Cqy is represented by:

CCy = 2D%/Apv2'(Li and Larm, 1 964).L.r(16)
. ” wnere Dé éldrag-force.af>
VA-=_w ttable surface area.
o= denslry of medium.

Vo= speed gf movement cf object or: of,‘lu1d flow past ‘it

-icg'as deflned,;n the equation’ above 1s‘the tetal drag
- on the body i}e. Co = C/friction + C/pressure,’
For a lamlnar boundary layer | |

C/frlctlon,%, 33/R€ 3.? (Franc;s,'f975).;e....r;(i?)
For'aiturbuientiboundary:layer: o

: C/f[ict&Oh‘¥'O{é7é/Re ’as'(Francis, 1é75).?;- ..... ';tiS).
For a traWSrt’ona1 bOUndary layer:

C/fr;ctlon‘; 0. O72/Re ' 5 - 1700/Re (Francis, 1975).....(19)



é/pressure is a high Relphenomenon and it is .
represented by: ‘ |
C/pressure = C/triction( 1.+-i.5((d/l)f)‘/2 +',7(d/l).3
(Webb, 1974) 1. ..., ;.;.;,.....;.;.;.;\.;(zo)'
| P wihere 1 e‘length of the body
d = max1mum dlameter of ‘the body

Equations?ﬁS, 19 and 20 are not appllcable to flltEFS of

”blackfly.laryae and mayfly“nympns;

Modellind and.Reynolds Number :

Scaled-up or scaled;down models which are geometrically
'Similar to.real life forms facilitate flow vieualization and
make it easier to study fluid mechanical principies A
"prlnc1ple requlred for constructlng models 1is to ma1nta1n>

: equallty of Re for both 51tuatlons I1f the Reynolds number

for two systems are the same then there is 51m11ar1ty in the -

Streamllnes_pattern in the model and prototype and both haved
equaL'drag-coefticient-i;e. dynamlc 51mrlar1ty (Fung, 1969) .
-For example to-work on small objects i;e; fllters of larvae
of S. DIVIttatum and nymphs of I. campeStFIS large models
can be constructed and tested 1n a hlghly v1stous medium. It
1s 1moortant to remember to vary veloc1ty and klnematlc
‘,v1so051t§ to ensure equallty -of Re.

. Models have been of great help to aerodynamlolsts and
hydrodynam1c1sts Wu et al ( 1975) and. Vogel (1981).are good
sources for blologlcal 1nvest1gatlons whlch used models

Gerrltsen andfPorterv(1982) used.scaled—up model made with'

¥

3
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’1f0um mesh plankton nettrng oScfliated'in glycerin’te study,
'hboundary layer thlckness at the fllterlng setules on ‘the

appendage of Daphnla magna Sllvester (1983) used nylon
thread to study pressure drop across trlchopteran fllter
nets by calculatlng changes 1n veIOC1ty of water flow
through them |

rnformatlon glven a50ve dn F1u1d methanlcal prlnglples_
- and practlces Served as batkground for the 1nvestlgatﬂon ot
h’hydrodynamlcs cof frlter feedlng-rn larvae of S blv1ttatun
and nymphs of I. campestms. | | |
'.The objec ives of thws study were:

t}; *o determlﬂe rhe extent to wn1eh 1ncorporatron of
'hydrodynamlc retardatlon forces kSp}elmann 7977; LaBarbera,
1984) and other modlflcatlons (Gerritsen ahd.PQrter, 982)
dof the Rubenstlen Koehl model apply to partiele capture and

.'retentron in pa551ve fllter feedlng 1nsects in freshwater
.environmemts. 2. to use scaled up models to studv fluid.
-mechanlcal pr nc1ple that'are erpidlted in. processwng water
4.for,feod3;3. to suggest the blologlcal 1mportance of theSe

'

principles.'



2. MATERIALS AND METHODS

2.1 éollection and“mdintainancébof nymphs of I.'CampeStFiS,
and'larvae‘bf S. biviffatum . | |
‘Mature Iarvae'of S Divittatum'with well develébed éill.
his;obiaéps, and nymphs of I. CampeSfFiS wiﬁh-fuéimenﬁary
'wing pads Qére cbllécﬁed ffdm Milk River near
: ﬁriting—bn;StQhé Provincial Park, Southern Alberté'(49° 00N,
110 33w). watef from Milk River was used to'méintain live
_Specimeps in_é labo;éto%y §tfeam designed_after Cofkgm and
Pointing:(ﬁ977).‘A Variaq’contfdi on the motor was used to
regulaté flow.'Témperéture5was ﬁaintained at thathf:fhe

Milk. River (18°C) with.a refrigerating unit.

242 flow tank and feeding experiments
Prior to being fed a suspension Of monodiééersed,
‘-polystyrene pa;ticles (Analychem Corporation Ltd.;Markham,
rOntario)'insecgs’weré starved for 12 hours in filtered
distilled waté; ¥n a flow tank deéigned aféer Vogel and
LaBarbera (1978). The flow tank had a trough with |
length-to-width ratio of 10 (Figure 11). Thin rubber tubings
(0.5 mm) thick with a Oﬂé cm pore size were used to
conStguct collimators instead of plastic straws mentioned in
the originai_design since the former withstood higher water
. veloc¢ities. Another collimator was'inserted above the
propeller to reduce tu;bulgncé.,Voftices induced by-the

propeller were eliminated by-insefting'a partly curved

20
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-

plexiglass fairing in the lower return conduit‘(Fiéufe ).

This is an addition to the oriéinai model to improve.and ..

incréase overall flow. The propeller shaft was driven by a-
tyée;NSH—12vFractiona1 Horsepower motor (Bodine Electric
iCé.} Chicago, Illinois) with a model SL 15 Minarik feedback
:cdnpfol‘kMinarik Electric Co., Los Angeles, Califoyﬁié); |

' -Water temperature waé»kept at 20°C by ice 1n a containér

: aesigned”to fit around the lower return condult (Fighfé:11)}

‘An attachment site for the ephemeropteran nymphs and

simuli;d’iarvae.was made from thir (1.0 mm?) pleces éf‘

i, ~am wood. Seven pieces were cut long enough to fit'thé'
*-rnal diameter of the trough. Seven othef pieces were.cu§

long énough to project 1.5 cm above the level of wéfer.in

the trough. Vertical and horizontal pie;es were glued

togethér to form 1.0 cm openings. Two such grids (A & B)

werevplaced 16.0 cm apart in the tank ahd.eaCh 22.0 cm from

the end of the trough (Figure(11); Simuliid-lérvae were

: ., - X
introduced into the trough with a soft brush., Larvae usually

spin an anchor line of silk onto the fine hairs of the brush

when first introduced. Theyithen drift in the current until
they get to the balsam wood, attach to it with thelir
posterior proleg and cut the anchor line off. Ephemérdpteran-

nymphs were introduced 1nto the flow tank near the balsam

wood. They swam to 1t and .attach with their mesc- and

_metathorac:ic legs.
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2.3 Measuremedt.of velociﬂy ar'which insects‘fed,

Different settings of the feedback control of the motor
. were used for each experimeﬁtr The. range of velocities at |
which each insect fed Qere later measured with a Noﬁoqics
Stream Fldw Mode1\403 veiocity‘meter} accurate,to‘within 1%

(Nixon Instrumentation Ltd., Chelteham, Ehgland).

2.4'Cohcentrarion of polystyrene particles 1n tﬁe feedihg
vsusbensidn“ ‘ |
" Five, different sizes of poiystyrene partid}es having
d1ameters of O 5+0. OObum 1,220, 017uﬁ, 5 T+, Sum
25.7:5;8um, 90.7x17 7um were added to three llters of
filtered- dlStllled water for each experlment in 198 and a
Sixth size of.50. 1220.0um was added 1n41982. The number of
particleé; in each Sizedclass, per,ml~(Tabies 1, 2) were
determined using: | o . ‘ | ”
Number‘of.particles/ml~= A X 24'x‘10f2/4‘x»o: x.b....(é1$
o . | r_(RolyscienceS’Ine. 1980)-.
A = grams per ml of polyﬁer in latex.
o= dlameter in (um) of monodiépered latex.

p. = density of polymer as grams per ml.

The number-Of:eacH size class of particle in tbe,feeding~
suspension was confirmed with e Model TA II COulter Counter.

‘mhe mi ixture of polystvrene partlcles was’ SOnlcated for 1.0d
minuté before 1t was added to the ‘low tank Sedlmentatron

and. aggregatlon of partlcles were reduced by the rotatlng
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motion of the propéller fan whjéh served as stirring rod.
_Each insect was labelled according to site of feeding
(Appendix 3) and any changes 1n position were monitored and
recorded. Insects were allowed to feed for 45 minutes 1n

1981 and for 30 minutes 1n 1882.

2.5 Concentration of particles available to insects at
different times and velocities

Three (2 ml) replicate samples of the feeding

suspension were collected at 0 minutes .intervals at
. ) . . . - . ) . .

different velocities, in a separate experiment without
mayflv hymphs\or blackfly larvae, to determine the
concentration of each size class of polystyrene particles 1in

A\

the feeding suspension over timeV(Figure 13).

‘2.6 Recovery oflpolystyréne pérticleslf:om the~gu£ of
'inSects ‘ ' |
AAt:the,end of eéch feeding test'insectsvﬁere collected
and stored in 95% alcohql'in lébéllea‘plaspic ;?élsi Head
fans of the blackfly>1arvaé and forelegs of the
Séphemerqpteran qymphs4weré_removed'ahd stored. The rest'Of.
t he insec; Qas dissqivéd éverffz'hbﬁrs,ih 0.25 ml ofv6%-
"NéOC; which had_beeq,fiitered ;hf0ugh 1.22um, Type GS,
Millipore:f@ltér.of mixed'cellploSe:aCétate éﬁdrceilblOSé
nitrave. Pdlyspyréné.pafti:le5 a:e iﬁeft“té Naotl and
ethénol,'tﬁus tﬁeir origfnal size. and shape remain

unchanged. Clean monodispersed particles were recovered from
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the mixture through a density gradient centrifugation

process.

2.6.1 Density gradient and particle sedimentation

Percoll (Phafmacia Fine Cherwicals; Dorval Quebec), a
density gradient medium, wasvque tso-osmotic to
physioloéiéal saline by adding 9 parts (v v) of Percoll to |
part of 1.5M NaCl. This stock solution wné,mixed with 0. 15M
NaCl to make a series of 3 ml experimental samples. Three
microl@ters each of a suspension of 9 differently coloured
Density Marker Beadﬁ (Pharmaci:a Fine Chemicals; Dprval,
-Ouébéc) were soakéd in 6% Sodium hypochlorite (NaOCl) for 12
hours prior to being added to the samples in 4 ml capacity,
Autoclear Polycarbonate Centrifuge Tubes(Damon/IEC
Division,Néedham Hts., Mass). The. tubes were capped,
inverted several times and centrifuged at 20,200 gav. for 30
mfnutes in a Model RCLE B Sorvall centrifuge. The density of
marker beads was plotted against the distance of the
éorresponding coloured bands (measured to the nearest 0.5
’mm) from the bottom of the Tube (Figure 12). The 40% éensity
layer was seletted sinée marker beads with corresponding
density'(1.05/gm),to polefyréne particles lay 1n a region
with maximum sepération from bordering gradients. Portions
'(3_ml) of the 40% layer were then centrifuged at 20,200 gav.
for 30 minutes to”form various gradients. The mixture Ofﬁ
polystyrene particles and dissolved insects was caré?uif;

layered on top of the gradiént. The tubes were centrifuged
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“at 400 gav.»for 45 mlnutes to separate the partlcles and

1nsect remalns at thelr 1so pynlc den51t1es. (i .e the,

partlcles and 1nsect remalns Wlll sedlment to an eqU111br1um B
U4

p051t10n 1n the gradlent where the gradlent den51ty is: eqUal

to the den51ty of partlcle or'1nSect remalns) Polystyrene:
partlcles do - not. have the same den51ty as 1nsect remalns, 'f_~‘-{g/5
:thus both separate Clean Pasteur plpettes were used to
collect partlcles. Cleanllness ot partlcles,.after recovery
was checked w1th a Scannlng Electron Mlcroscope Partlcles ‘;’ e
were then transtered to. clean trlple fi ltered Isoton—’ h
(Coulter Electronlcs Ltd o Vancouver } B C) 1n 2 ml capaclty

,,v1als for 5121ng and countrng w1tr a Mbdel Th: 11. Coul

. o

Counter.
2.6.2 Determrnation o£ size”and;nunberfof\partlclesjconsumed"
by each 1nsect | - |
Size and number of partlcles consumed by 1ndivfdual
'1nsects were determzned Wth the Coulter Counter Theory of .
electronlc partlcle sen51ng 1s based on changes “
‘re51stance between two electrodes on elther side of a
changeable aperture through which partlcles suspended in an
electrlcally conductive llqu1d are forced The change in
re51stance produces Aa voltage of short duratlon wh1ch has a
magnwtude proportlonal to particle 51ze.\The serles“of o,
_pulses is then electronlcally scaled counted and sized. ‘

Brlefly, an aperture w1ll accurately measure partlcles

havxng dlameters between 2% and 40% of- 1ts dlameter For

[
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1
i

: egample, 2 50um'aperture.will accurately measure parthles
jhaV1nq dlametEFS from 1 Oum to‘goum Since the insects were
fed suSpenslon of partlcles haVlng dlameters of 0.5+0.006um, .
2+o 017um,.5-7+1 5um, .25.7%5. 83m, 50,1420, 1um,
90, 7+17 7pm, 50um and 280um apeftures were used. Data froém
the 50um aperture was extrapolated to give values for 0.5um
-part1cle5 U51ng the method of ECkhoff (1966).-Contents of'
\lthe 2 ml vials with recovered polystyrene particles were
'added to 48m1 of trlple filtered Isoton to make a 50 ml

sample- The.samples were then dlviwed into 25 ml portions

» end each ?0fticﬂ was made up to *nfml with triple-filtered
Isoton. one portion was filtered through a 15um nylon mesh
(Thompson and Co. f Montreal Quebec). This portion was used
1n ‘the 50mum aperture and the unfiltered portion in the 280um
| apertUFeo The number of parthles in 20 ml protlons was
determlned and back-calculated to give total counts per
insect. readers should consult the reference manual for‘

\COultef counter Model Ta 11 for more 1nf0rmatibn on

technigue and procedure for mult1 aperture analysis.

2.7 Scanning Electron Micrographs of filters of simuliid
larvae and ephemeropteran nymphs
Cephallc fans of simuliid larvae and forelegs of the
ephemeropteran nypmhs were prepared for SEM studies after
the'methOd of Ross and Cralg (1979). Dlameter and length of
micfotr;chia; number gghmicr0£richia per ray, number of rays

per fan and per foreleg and number of rows of ray per
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segment of foreleg were‘measured from photomicrographs.

2.8 Scaled-Up Models of portions of filters

Scaled-up models-ofkportions of cepHélic faﬁs of lafvag
of S. bivittatum (Figure 2) and fays én the forelegé of
nymphs of I, campestris (Figure 7) were made with plexiglass
and metal pins. The wiath and lengtﬁ of plexiglass and metal
pins were increased by a factor of 2500 - 3000. Plexiglass |
and metal pins repréSgnt ray and-micfotrichia respectively.
Relative shape, Qrientation and q@menéion of each scaled-up
model were de;érminéd frém SEM-ﬁhotomicrographs of the

original structure.

2.8.1 Towing experiménts

| Thevmpdels were towed through Canola 61l at various
veloéitiég (Tables 2.& 6) by a gear-reduced type NSH;12
Fractioﬁ%l-HQrsepower motof (Bodineé, Electric Co.Chicago,
Illipjos) attached to a model SL 15 Minarik feed-back
control (Mina;ikvElec§ric Co., Los Angelgs,LCaiifornia). A
trolly tol@hich.the models were attached was mounted on. two
linear beafiﬁés and»pulled along two paral;el case-hardened

Steel bars by a string pulley (Figure 15). This arrangement

reduced yibration to the models and improved flow
‘;;1

%QisUalizgtion. Electrically controlled start-stop contacts
were fised to maintain a fixed distance of 68.0 cm travelled
by each model. The oil was cooled to 10°C to achiewve the

\
desired dynamic viscosity of 143.0 centipoise. Size classes
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eof large polystyrene partlcles to represent 0. 5um, and 2um
.partlcles were added to the 0il. These partlcles were kept

1n suspen51on by" st1rr1ng An 1nterval of 30 se&onds was

requlred between each experlment to allow turbulence created.

§ by stlrrlng to sub51de Reynolds number.(Re), boundary layer

thqckness (6) and drag coefficient (Cy4) were calculated for
each model at various velocities (Tables '3 & 6). These
—values were compared to that for llve ephemeropteran nymphs
(Table 5) and 51mu111d larvae (Table 4) by 1nvok1ng the‘
3pr1nc1ple of dynamic Slmllarlty (Fung, 19693 Franc1s, 1975;

Vogel 1981 Koebl and Strlckler 1982) Observatlons were

recorded with a Panasonlc video camera- wlth a Mlcro Nikkor - -

105 mm leris. Frame-by-frame- analy51s of the tape was made

with Sony Automatic Editing Unit; RM-440.

2.8.2 Boundary layer around models

Pictures olystyrene particles in different velocity
g S

gradients (Fi 161, ii, iii) in the laminar boundary

layeg, ‘around each ray were taken from the video monitor. The

- editing nnit was switched to manual mode so that the time
interval between succeesive‘photographs could be controlled.
Two fields of interlacing scan lines make up one TV frame
i.e. 1 field is equal to 1/60sec. Photographs were taken
witb a Canon A1,camera with a 80-210 mm macro zoom lens and
a 2X Tameron converto Tr1 X fi lm rated at I1SO 800 was used.

Exposure was /8th of a Second at F4.
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The distance-and velocity of polystyrene particles from
the surface of some réys and miérotrichia (Tagle 7) were -
approximated using:

U, By = 0.320° Zp¢' 2K Puo Rl (22)

(Vogel, 1981)
where 6Ux= change in velocity along microtrichia and ray.
§y = change in thickness of boundary layer.

X "= distance downstream from leading edge of microtrichla
and assoclated ray.

~ /

U = Free stream velocity. - Fo

H

pc. = Density of Canola oil.

u, = Dynamic viscosity of Canola oil.



3. CALCULATIONS AND RESULTS

3.1 Mechanisms of particle capture

In ordeg to determine the mgchanisms which were
oper;tive, collection efficiency of the filters by each
mechanism was calculated. Relative efficiencies were used
after the method of LaBarbera (1984). All constants (A, Q.
'U, u, K, T) cancel out and efficiencies are a function only
of q,and %_. The distributiop of particles in suspension at
various velocit&es (Figure 13) was used to predict
distribution of size élasses that should have been caught.
Such distributiqns were compared to thOSe actually caught Dy

the insects. (Figures 17 - 27).

3.1.1 Direct Interception

LaBarbera (1984) simplified the equation for efficiency
of direct interception to:

| nd.o&(f”/ r/%z)zla.’. ..... (23)
‘and bredicted'relative capture efficiency due to direct.
interception for situations where the adhesion number is
large (i.e. neglegible retardation forces). Note (Figures—17
~27) that this mechanism should theoretically predominate
for capture of particles greater than 1.0um, however,
experimental results showed lower efficiency. For 1.0um
particles, agreement between experimental results aﬂd

theoretical prediction is closer at lower velocities of 4

X

s

18 cm/sec for I. campestris and velpocities of % - 28 cm/sec

30
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for S. bivittatum

3.1.2 Inertial Impaction
This mechanism was not tested because insects were not

fed large, dense particles.

3.1.3 Diffusion or motile-particle deposition

The equatioﬁ”for diffusive deposition was simplified
to: |

nAlrpr Y. (28)

and predicts relative capture efficiency due to diffusive
deposition. The overall close agreement between'theory and
observation, especially at high velocities (Figures.17-27)
show that this model is a good predictbr of size

distribution of smaller particles captured by both insects.

3.1.4 Gravitational deposition

The parallel orientation of filters of thH'ins%cts to
flow and the velocities used make this mechanism non
applicable to thé simuliid larva. It is of low applicability

perhaps, in the ephemeropteran nymph.

3.1.5 Electrostatic attraction
Surface properties of filters and polystyrene particles
and chemical nature of mucosubstanses or sticky substances

which contripbute to adhesion of particles were not studied.
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3.2 Availability of  particles in suspension
The rate at which partfcles éettled out of suspension

was calculated using:

Co = Cre *t cOug£1an (1965) ..... (21)

where C, = concentration at time t

C, = initial concentration
k = decay rate (i.e. rate of sedimentation)

Note (Figure 13) that sedimentation of large particles (1.e.
>20um) was substantial at low velocities. Most of the
particles 1in ail size classes were in suspension at all

times at veloclties above 28 cm/sec.

3.3 Aspects of feeding biology-‘

Aspects of feeding biology of both insects were studied
with histograms of mean number of each size class of
polystyrene particles in the guts at various velocities

(Figures 28 - 35).

3.3.1 I. campestris and S. bivittatum
The large size and greater number of filtering elements

of nymphs of I. Campestﬂis enabled them to consume more of
each size class of pérticles in the feeding guspension than
larvae of §. bivittatum at allyvelocities. Number of the
smaller size classes of particles éonsumed,vdecreased with
increasing velocity in both insects. Fewer insects fed at
velocities below 5.0 cm/sec and above 40.0 cm/sec; Capture

efficiency of particles in the smaller size classes (1.e.
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\Y

0.5um to 5.7um) was higher than for larger particles (i.e

20um) at all velocities (Figures 28 - 35).

3.3;2 One-way analysis of variance (Anova)

Anova was used to test for differences in ‘the number of
0.5+0.006 - 5.7+1.5um polystyrene particle consumed at
different velocities (Tables 8-i1). Scheffe's test
(Kleinbaum and Kupper,1978) was used to make pairwise and
contrast other than pairwise comparisons. Any two means not
underdcored by the same thick or dotted line are
significantly different (P>0.C5). Any twO means underscored
by the game thick line are not sianificantly different
(P>0.05). Those underscored by the same dotted line are'not
significantly different (P>0.05) but they have wide contrast

intervals i.e. evidence for difference.

3.3.2.1 S, bivittatum

B There was significant difference (P>0.05) in the
number cf particles consumed at low velocities of 5.0 -
10.0 cm/sec and high‘velocites of 35;0 - 47.0 cm/sec
for particles 1in the size class of 0.5um - 5.7um
(Fjgures 28 and 29). Pairwise comparision with

. Scheffe's method show that there is significant
diffefence (P>0.05) in the numpber of 0.5um and 1. 2um
particles consumed at 5.0 cm/éec and at velocities of
§.0 -.10.5 cm/sec’ (Table 9). & velocity range of 5.0 -
22;0 cm/sec enhances particle capture)for thé simuliid

larvae (Figurés 28- - 31). A significantly different
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(P>0.05) number of particles were consumed over this
range of velocity than at all other higher velocities °

of 25.0 - 47.0 cm/sec combined.

3.3.2.2 I. campestris

There wés significance difference (P>0.05) in the
numger of O.5Am and 1.24um partiqleé consumed at low
velocities of 3.5 - 5.5 cm/sec and high velocities of
30.0 - 45.0 cm/sec (Figure 32, Table 8)¢1There was no
significant difference (P>0.05) in the number of
particles in the size class of 5.7um =90, 7um except
for 5.7um in 1982. |

Pairwise:éomparision with Scheffe's method ;how
that there is significant difference (P>0.05) in the
number of O.Suﬁ particles consumed at 4.0 cm/sec and
those consumed ati9.Q cm/sec (Figure 32 - 35). A
velocity range of 3?5 - 20.0 cm/sec enhance particle
~capture in the ephemeropteran nymphs. A significantly
different (P>0.05) number of particles Qere consumed
‘over this rangeiof vélocity than at all other higher
velécitiés of 27.0 = 45.0 cm/sec éombined.'More nymphs
of I. campestgfs fed over a lower range of velocity

(3.4 -~ 5.5 cm/sec) than did larvae of S. bivittatum

(Appendix 1).
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3.4 Fluid mechanical principles and practices relevant to

particle capture in both insects

3.4.1 Drag

Drag on the models of portion of filters of nymphs of
I. cémpestﬁis (Figure 7) and cephalic fans (Figure 2) of S.
pivittatur was calculated using the formula of Vogel (1981)

given in the introductory section (l.e.):

_ Drag = e/Uﬁ (Ue — UL)AS ..., (25)(Vogel, 1981)
™he area of model of cephalic fan cof the insects was

calculated using a modified form of I in:

(Roés and Craig, 1980)
I = area of curved surface of microtrichia was used due to
arrangement (i.e. I = r (r? + h?)" ?). r = radius, h =
heighé (i.e. length of micrggrichia).
where R= average number of rays per fan or fqreleg.
M= average number of microtrichia pef ray.
A= average surface area of both s{deé of a fan ray.
Area of rays on each row of the forelggs of nymphs of I.
»
Campestﬂi; was calculated using:
AS = R x (A +k11 ¥ M) o+ (I, x M));?.;..(27)

I.=average area for first row of rays; iy far second row of

t
5\

rays. ' , R
Estimates of U, were based on velocity of particles 1n the

region behind rays. Results of these calculatlons indicate
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that drag on the filters of nymphs of I. campestris was
greater than on tge cephalic fans of larvae of S. bivittatum
at all current velocities (Table 12). Thus, nymphs of this
ephemeropteran were observed to move to the boundary layer
at the side of the flow tank before larvae of §S. bivittatum. .
Nymphs have a higher relative lncrease in drag on filters
ffom low té high Qelocities. There was a 6-fold increase for
larvaéAof S. pivittatum and a 40-fold inérease for nymphs of
I. campestris (Table 12). The latter increase 1s due to the
greater number of rays on the forelegs and also the double
row of rays on the tibia and tarsus and triple-row on the
upper part of the femur closer to the mesothorax (Figures 6

and 10).

N
Ay

3.4.2 Drag Coefficient (cd) °

Drag coeffiéient(cd) was calculated using:

Cy = 1.33/Re' *...... (28)

Calculated values of C, in this study at Re less than 1.0
are relative values for these odd shapes. Under this
condition of flow the inertia term in the Navier-Stokes
equation ca be neglected (Fung, 1969). Limits of the
“boundary layer (i.e. region of the water in which the effect
of viscosity is felt) become difficult to define due to
creeping motion and the curious phenomenon of reversal og;‘
flow. Tomotika and Aoi (1953) gave solutions of C, for

N

different shapes and their orientation for creeping flow.
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3.4.3 Reynolds number (Re)
ﬁeynolds number for fiiters of nymphs of I. campestris
and larva. of S. bivittatum were calculated using:
! Re = pVL/kuvue...(29)

where p, V, L, and u are as defined in the introduction.
Particle capture by microtrichia and rays of live larvae of
S hivittatum (Table 4) and nymphs of I. campestris (Table
5) occur at low Re values of 0.02 - 3.2. The lowest Re value
for the models (Tables 3 and 6) was not as low as the lowest
Re for live insects, but a higher Re was obtained with
models. The range of o;erlap cf Re values was wide enough to
enable comparison of flow pattefns between models énd live
insects at Re values of 0.07 - 2.11 for larvae c¢f S.

bivittatun and Re values of 0.07 - 3.24 for nymphs of .

campestris.

3.4.4 Boundary layer (&)

Thickness of the boundary laver around rays was
calculated using:

6 = d/Re ' 7 (Fung, 196S)........ (30)
Boundary layer thickness around each microtrichium, of live
lafvae S. bjvittatum, even at maximum velocity of 47.0
cm, sec, extended 1.3um - '.5um i.e. to the fifth
micritrichium away from it. Models indicate that boundary
layer thuackness éround eack microrrichium (i.e. metal pins)
a7t : .

extended only tc the nextbmicrotrichium at Re value of 3.98

which is a real life equivalent of 80.2>cm/séc . Boundary
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layer thickness around each mi¢crotrichium in the first row
of models of rays of nymphs of I. campestris extended to the

third'microtrichium at maximum Re value of 7.97. This '1s

equivalent to a velocity of 100.0 cm/sec for live nymphs. Cy
¥

Values of boundary layer thickness show that microtrichia of

larvae of S. bivittatum and nymphs of I. campestris behaved e

as a solid wall with no flow between individual f ¥

microtrrichium. Distance between adjacent rays and thickness
of the boundary layer around each ray indicate that there s
was very little flow between rays up to Re values of O.4?f

for larvae of S. bivittatum and RKe values up to 1.39 for

rays on the first row of filters of nymphs cf 1. campestris.

Calculations indicate that the thickness of the boundary

layer is about 28 - 33% the diameter of ray &t the maximum ¢

velbcity of 80.0 cm/sec for live larvae of the simuliid. At .

the maximum velocity of 100.C cm/sec for the ephemeropteran ¥ ‘

nymphs, boundary laver thickness 1s about 35 -g38% the @Qg'
diameter of the ray for rays in the first row aﬁi 1t 1s

about 39 - 46% the diameter of the ray for the second row of
rays due to reduction 1In velocity and concomitant reduction

in Re value.
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rparticlés captur
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4., PATTERN OF FI;.OW AROUND MODELS
Much of the observations described in this section are
recorded on video tape which is submitted with this thesis.

n

These descriptions are presented as an interpretatibn and
aid to the visual record. - - E
| o , J
.

4.1 Flow pattern at Re<1 (Real life'equivalent of 20.0cm/sec
o . : 4 .

)

4w1.1’5.3bivittatum -

‘Generally, thege va. very little Zlow through adjaceht
réys. Flow was dpminaced by viscous forces causing reversal
dfaflow. Polystyrene parﬁi;les travelled with ;he models ih
the very thick viscous boundary layer that surrounded rays

and microtrichia. Large part.cles in the viscous layer

sedimented. At the end of each towing run there were more
smaller particles than large ones on the ray- and

microtrichia (See alseo Figures 161, 1i, iii).

4;1.2 I.~campestnis‘ .
Pattern of flow obsérved was similar to that'of larvae
of S. bivittatum. When ?here was very little flow’ihrouéh
the first row‘o@ﬁrays i£ wasv%bserved that particles entered
the viscous boundary zone bdtween the first and second rows

of rays and moved with 1it. Largef particles in this zone

were observed to sedimént. Number and size of polystyrene

‘ Q o C e .
2ap by Tay and microtrichia on the first and

39
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‘ second rows of rays at the end of each tow1ng run was

i b
similar to that observed:for larvae of S. bivittatum. Rays
in the first row had more partickes than rays in the second

Tow.

4.2 pattern of flow at 1<Re<8 (Real -life equivalent of 30.0

- 100.0 cm/sec)

4;2.1 S. bfvittatum;(1<3e<4) (Real l%fe eqiuvalent of 30.0 -
80.0cm/sec) |

The effect of viscous forces decreased considerably
above Re of 1:O,Ial£hpugh it was still noticeable up to Re
value of 1.5.gfhe viscous boundary layervaround each ray was
redueed and there was flew through adjacent rays. There was
a genéral increaSe in“velocity gradients around each ray and
microtrichia and particles in faster gradlents were-observed
to overtake slower mov1ng partlcles nearer the rgys and
microtrichia (Figures 16i, 11, 111). The effect of viscous
forces decreased}evea.furEher arpbund Re of 3, produeing
thinner boundary laYers and faster flow through adjacent
rays. Sedimentation rare of large particles.also decreased.’
There were more smaller partlcles on the rays and

microtrichia even at the max imum Re\of about 4.0.

4.2.2 I. campestris,(1<Re<8)(Real life equivalentrof 17.5 -

100.0cm/sec)
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Patterne-of flow.obéetved at Re>1 for rays on the first
row were 51m11ar to that of cephalic fan of 51mullld larvae
>except that viscous forces were still notlceable at Re value
of 2.Qf There was flow through rays on the second row which
was operating at Re of 0.7 (Table 5) The dead zone in
between the first and second row of rays (Figure 14) was
abserved to become mobile at Re of 3.0, but sedimentation of
lerge particles continued. There was considerable decrease
in the effect of viscous forces on this zone at Re of 5.0,

producing faster velocity gradients(i.e. thinner boundary

mﬁayers) and a decrease in the sedimentation rate of large

particles. The trend of particle depcsition on rays and
mlcrotrlchla was 51m11ar to that observed at Re >1. Number

of partlcles captured at hlgher Re were less than at Ke less

!




5. DISCUSSION

5.1 Determination of size and number of particles;conigmed

by both insects |

The density gradient centrifugation technique used to
recover particles from gut of insects makes it possible to
determine total number of particles consumed by each insect.
It eliminates the problem of identifying synthetic perticles
in the bresepce of natural faecal materials (Figure 5). The
soiution of NaOCl can dissolve mucosubstance or derivatives
of it and other sticky sectetions . Thus, tendency of
partlcles to Sthk together is greatly reduced. The fast and
highly accurate electronic method of particle 5121ng and
counting reduces error that is inherentkln two—dlmen51pnal

Wi

photographic methods. The largg qmber of particles reported

in this study compared to most 2vious studies (Shapas and
Hilsenhoff 1976; Coffman et al. 1971; Kurtak, 1978,1979;
Wallace and‘OfHop; 1979; Schréder, 1980) is due to the

differences in the technique of count#ng

Rk

5.2 Mechanisms of particle capture

particle capture by the filters of nymphs of I.
campestris and larvae of S. bivittatum occur over a range of
low Reynolds number, in which flows are characterized by
partial and total viscous fegces. A sigpijicant number of
polystyrene,particles smaller than spaces between adjacent

rays were consumed at all velocities. Thus; in addition to

m
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sieving, filters of both inéects capture partiéles by direct
inﬁé:Ceptionkand diffusive and/or motile-particle
deposition. Gravitational deposition may be operative’ at the
second and third rows of fays‘in nymbhs of I. campestris

based on observations in models. ’

'5.2.1 Direct interception"

The discrepancies i.e. lower efficiency of observations
compared to predicted efficiency of mddel (Figures 17 - 27)
are due possibly tc violations 5{ certain assumptions of the
‘ mbdels. The assumption that there is 100% collection
efficiency of all particles Q%ich contact the surface of
-~ filters is unrealistic. Information is needed on the surface
‘propertlesu%f particles and filters and/or sticky substances
used to coat filters. Future studies should focus on these
‘aspects. It should also be pointed out that particles larger
fﬁan 2.0ﬂm and 5.0um viclate the assumption that a, >¢ apfor
VS. DIVIftatum and I. campestris ézspectively. (a#is filter
radius and apis particle rgdlus). The later violation
disturbs the flow field near filters by dlstortlng the area
of capLure envelope and could have decreased capture of such
partlcles substantially. Sedimentation of large partlcles
(Figure 13) alsc decreased filter efficiency for such
particles, at low velocities. The rate of adduction of the
filters in both insects preveﬁts clogging by particles, but
thelassgmption that filters maintain & clean surface is

probably unrealistic, especially under natural -conditions
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and needs further investigation. Surface properties of
filtefs will probably affect type, number and degree of

adhesion of zoo-, phyto-, bacterioplankton.

e

5.2.2 Diffusive or motile-particle deposi?ion

The médel for diffusive and/or motile-particle
deposition gives an overall better prediction of the size
distribution of smaller particles captured by both insects
(Figﬁres 17 - 27). Possible causes for the observed
discrepancies between theoretical prediction and
experimental resuit are due to violation of the assumption
of 10 %.coilectiqn efficiency. It is also doubtful that
filters maintain a clean surface. It is probably unrealistic
to assume that the Stokes equation for the velocity terms
describing mass transfer by diffusion about an isolated
sphere, éan describe the mass transfer of particles in the
filters of both insects. Future work should focus on this
aspect of particle capture by this mechanism. Alsoc the
assumption of a thin boundary layer is violated, especially
at low yelociﬁies and this may have resulted in larger
discrepancies between predictions and obéervations at such
low velocities. Note that bqth fheoretical and’ experimental
results indicate motile-particle.deposition of particles
which are too large (i.e 25.0um) to exhibit significant
Brownian motion (Figures 17-27). However, this may be the

result of filters of both insects which tend to sway and

vibrate, esbecially at high velocities. Such movements i.e.
, . Q

<
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external forces (Fuch, 1964; pPatlak, 1953) will cause
particles to follow a random path and increase collision
between such parti%les and filters.

In addition, tﬁ? motile ability of most zoo0-, phyto-,
and bacteriopladktonqcontributes to capture of these
organisms by this mechanism and probably account for the
abundance of such organisms 1n guts of filters feeders in
natural environments. The above suggestion needs further
"investigation.

Similarity in s:ize distribution of particles reported
in this study, and field StUdiﬁf on particle sizes in guts
of larvae of blackflies (Wotton, 1977, 1978b, 1980; Carlsson
et alx 1977; Kurtak, 1979; Meréit et al. 1982) and nymphs of

A , y :

‘ Isonychia‘species (Wallace and O'Hop, 1979;) suggest that

|
these two mechanisms are operative and important in natural

\ .

habitaté of both insects.

5.2.3 Inertial impaction
Speiiman (1977) suggested that this mechanism is not

very impo%éant for liguid-borne particles because of the
'émall Stoke; number of suspehded particles in liquid
systems. Thé;e is a controversy in the literature on the use
c® bouyant density’ (i.e. Pp = Om) LO calculate Stokes number

¢ suspended particles.(pp is particle density and pm is
cernnity of me@ium). Silvester (1983) based his calCulation

~kes number on (pP)'alone for particles >50.0um -and

O

¢ that this mechanism becomes lmportant for part&tie
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capture by some species of net-spinning caddisflies,
‘LaBarbera (1984) suggested that this mechanism could be
important for aguatic organisms which feed on relatively
large, dense particles in very.high flow velocities. Ross
and Craig (1980) showed theoretically that this could be
true for larvae of blackflies. Thus, capture of large, dense
particles is possible by this mechanism in the insects
studied, bul it was not analysed since igsects,were th fed
large, dense pafticles. There 1s need for more inveséigafion

/

in this area of aqguatic filter feeding.
. ‘

5.2.4 Gravitational deposition

~The transit time of particles.inﬂthe filter must be
long for this mechanism to be effeépi?e (Speilman, 1977;
Gerritsen and Porter, 1982). It is also necessary that the
‘gravitational vector should be greater than the velocity
vector to enable substantial sedimentatiuon. Gravitational
déposition 1s of no importancé in particle capture in
immature stages of the simuliid larvae. It may however,
contribute minimally to capture of large particles at the
second and third gows of rays on the filtering appendages 1in
the ephemeropteran nymph where flow condgtions favour
sedimentation of large particles.

5.2.5 Electrostatic attraction/Surface chemical effects

3

The expanded form of this mechanism by Gerritsen and

Porter (1982)£§0’include surface chemical properties of
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particles and the collector, and the suggestion of Lewin
(1984) that microorganisms (e.g. bacteria) can shuffle
adhesion molecules in the flagella to enhance attachment to
surfaces show that this mechanism may play a more important
role in particle adhesion than previously realised in
suspension feeding macroinvertebrates. When particles reach
the surface of the filter by one or more o{_the four
mechanisms they may become attached to it by tﬂis mechanism,
Low Re values at which filters operated enhance adhesion of
particles to filters due to differences in charge caused by
chemical propertiéé and hydrophobic/hydrophilic effects.
This aspect of suspension feeding deserves more attention
and future studies Should endeavour to report adhesive
characteristics of filters and particles they capture.

Ay

5.3 Structure of filters and particle céptﬁre
5.3.1 S. bivittatum

The structure and orientaﬁion‘of microtrichia on the
rayé of S. bivittatum are shown in Figures 3 and 4. Larv;e
of this species filter by presenting mucosubstance-coated
microtrichia to currents. it has been suggested (Ross and
Cfaig,1980) that the mucosubstances may be negatively
‘charged. It is also possible that these substances change
the surface.chemistry of microtrichia to increase and

improve adhesion between them and particles captured from

suspension. The slimy nature of mucus may also reduce drag
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on the filters, as suggested to occur in fish (Hoyt, 1975)f
The plane of 6fientation of microtrichia is parallel to flow
(Figure 3). The thickqess of the boundary layer (Tables 3 &
4) is such that they behaved as a solid wall with no flow
between them. The boundary layer around microtrichia 1is
1.5um thick at fh maximﬁm Re of 2.11 (real velocity
equivalent of 42.§ém/sec). Any tendency to collapse is
reduced by close packing and Q\thickened base. Parallel
filter orientation and arranggmént reduces drag (Spielman,
1977; Vogel, 1987%), but it alsc ré@uces.capture efficiepcf
due to the éurface area exposed to\ﬁlow; Different . |

arrangement and dimensions of filterQ\may'also affect the

pattern of flow around)them. \\
5.3.2 I. campestris

The double-row of rays on the tibia aHQ tarsus and
triple-row on the part of the femur closer tg the trochanter
(Figures 6 and 10) create a zone of little or‘no flow in the
aréé immediately in front of the second and third rows of
microtrichia (Figure 14) due to overlap of boundary layers.
Scaled-up models of portion of the filters show that this
zone of overlap exists up to Re of about 3.0. This
arrangement also increases the amount of surface exposed to
flow with a consequent increase in drag whgch may restrict
nymphs to slower currents. The second and third rows of

microtrichia are operating at highly reduced Re's compared

to rays in the first row.
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Although no mucosubstance secreting organ 1s known from
mayflies observations from this study, Figure 10, suggests
that nymphs of I. campestris coat their microtrichia with
substances that enhance particle capture. A possible source
of ﬁhis substance is their saliva or other secretions in the
mouth. Properties of this substance may be similar to those

shown for S. vittatum Mall. (Ross and Craig, 198C) and those

suggested for larvae of S. bivittatum.

5.4 Aspects of biology of particle consumption

%
i

5.4.1 Velocity and particle consumption

Larvae of S. bivittatum will filter feed at velocities
befween 5.0 - 30.0 cm/sec. Tolerance limits of velocity are
knownxfrbm studies on other'blackflies (Grenier, 1949;
Phillipson, 1956, 1957; Wu, 1931; Harrod, 1965; Carlsson,
1962; Trivellato and Decamps, !968; Kurtak, 1973,1978;
Decamps et a}. 1975: Gersabeck and Merrit, 1979; Schroder,
1983). Nymphs of I. campestris prefer to filter feed at
velocities betwéen 3.0 - 25.0 cm/sec. Tolerance limits of
water’velocity have been reported for some mayfly species
(Minshall and Winger, 1968;.Minshali and Minshall, 1977).

Particle capture mechanisms which are operétive are
enhanced over a range of velocity of 8.2 - '10.5 cm/sec for
- both insects. Pairwise comparision and contrast indicate
that the number of particles consumed in this range of

velocity is Significantly (P>0.05) higher than at lower and



50

higher velocities outside thils range (Figures 30-37).

)

5.4.1.1 S, bivittatum

Max imum consumption of polystyrene particles by
larvae of S. bivittatum occured at velocities lower
(i.e. lower Re) than larvae usuatay encounter in their
natural environment. Immature stages of this species
are usually found in ifrigation canals and large rivers
in the southern Parkland and Prairie Ecoregions of
Alberta. They were collected mostly on trailing
vegetation and submergea twigs where velocities range
from 20.0 - 30.0 cm/sec. In experiments, number of |
particles consumed at these velocities is about one
quarter of the number consumed at velocity between 8:0
- 10.0 <

Corn ons of flow (i.e. increased boundary layer,
.

reversal of flow) around fig at velocities less
& .

than 5.0 cm/sec would favou;%pagticle capture by the
mechanisms of diffusive deposition and direct
interception, but the majority of larvae were observed
to detach from feeding sites in the flow tank at that
velocity and spent most of the time drifting in search
of more suitable currents to feed in. It has been \
Sbggested (Vogel, 1981), and démonstrated in this study
(i.e. flow visualization with scaled-up models) that
trnick boundary layers of filters cause deflection of

edible particles. At velocities above 35.0 cm/sec the

6-foid increase in drag on filters and on the wholé



larval body becomes more than larvae will rolerate.
Larvae therefore either drifted or moved to slower
velocities at the sidewall of the flow tank. Although,
there is no significant difference (P>0.05) in the
number of @olystytene pdxtlcles consumed at velocities
above 35.0 cm'sec (i.e. 35. O - 47.0 cm/sec) contrast
intervals between the number cf particles consumed Sshow
a de-reasing trend with increasing velocity. This might
be due to considerable decrease in thickness of
boundary laver at such high velocities. It has been

suggested (Chance, 1577 that this decrease 1in

‘thickness of boundaryv laver cifers less protection tc

blackfly larvae.

Although larvae of some blackflies evolved to

prefer faster velocitles with reduced boundary layer
and faster velocity gradients around their body, larvae

of some speu-es of blackflies are found in phoretic
RN ERE)

assoc1atlons wltﬂ;crabs where *ho%whmve o survive 1n

.
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tans adduct and abduct. Thus, feeding may be possible
at Re less than 1,0 in the world of "creeping motion”
(Vogel, 1981) to which such larvae are exposed. The
inability of most species to survive in slow moving
water may be due to low oxygen content 1n such water.
It has been shown (Wu, 1931; Phillipson, 1956, 1957)
that low oxygen concentration of moving water affects
the distribution of some species of blackfly larvae.
Work is needed on larvae that inhabit still or slow
flowing water,

In nature, the actual regime of velocities at
which some blackfly larvae capture suspended particles
1s virtually unmeasurable directly. Larvae cf some ‘
species have a habit of aggregating on substrate so

that some individuals are seldom exposed to free stream

velocity. It 1s possible that such aggregates create

hydrodynamic interactions betweet i ghbouring larvae

as known in fish schocling (Weihs, 1975), 1in sand

g
dollars (O'Neil, 19787 and polycheates (Carey, 1983)
and may produce slower velocitles and enhance laminar

flow through cephalic fans. The latter condition

enhances efficiency of particle capture.

5.4.1.2 I. campestris

The velocity ranage of 7.5 - 10.5 cm sec at which
ma X 1 mum consumptidn of polystyrene particleédoccured in
the nymphs of I. campestris in this study'is aBout the

same as in their natural environment. Nymphs of "this
i
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species were usuélly collected anong t@igs and underM
stones that were located at the sides and bottom of
Milk river where velocities are relatively slow. Free
streamrvelocity is seldom encounted by nymphs. Capture
of suspended particles.oceurs at low velocities in the
shelter of the boundery layer around stohes and twigs.
Nymphs tHat were released into‘faster flow in |
laboratory and field experiments were ohserved to swim
vigorously'to‘twigs and:wooden debris. They are able to
captu e particles at. lower velocities than larvae of S
blVlttatum perhaps because, rapld movements of their .
resplratory gills accelerate water over the body to
prevent the bu1ld up of oxygen deff1c1ent water around
’nymphs as known in Ephemera SImulans and Hexagenia
limbaté (Erlcksen, 1963). Although a large percentage
(60% in 1981 and 70% in 1982) of nymphs fed at
velocities'between‘3.5 -* 5.5 ¢m/sec, nymphs spent most
of the time swlmmlng around 1in searoh‘of.suitable’
currents to feed in, hence the low numbervof-perticlesf
;consumed. At”veloc1t}es ebove tne'uppeﬁ tolerance llmit§%
off30.0 cm/secfthe'estimated 40-fold increase 1in drag
on~filtere and on the whole nymph is more than nypphs
will tolerate. To minimize the increése in drag
espec1ally on the body, nymphs moved to the boundary
layer at -the 51dewall of the flow tank Althoggh#there
was no signifieant diﬁference (P>0.05) in the numbér of:

polystyrene particles consumed at velocities between

{
A
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35.0° - 45.0 cm/sec, contrast intervals between them

v

show a decreasing trend with increasipg velocity. This
might be due to considerable decrease in.thickness of
boundary layer around filters at such high velocities.

BN, SN .
§ohs of I. campestris utilize resources.in the

slﬁ’f;rhelocitieé of the stréam than larvae of S.
bivittatum. There ?& no tempofal differehce in the
occurence of nymphs of I. campeétqis aﬁd_larvae of S,
bivittatum in Milk river. Fine pafticulate organic
matfer(FPOM) and dissolvéd organic matter (DOM) may not.
\be limiting factoré in freshwater, environments (Wallace
et al. 1977{ Wallace and Merrit, 1980; Malas and
Wallace, 1977) although substrate could be limiting:
Based on these stpdies,‘there may not be competition
'for (FPdM) and (DOM) betweéﬁ the two insects. The
"patterﬁ of diétribution with the majority of nymbhs of
I. campestﬁis in élowgg currents may contribute in
decréasing the'aﬁount'of FPOM and DOM that 1s lost from
aownstream feéches of the river énd ihpfoves overall
enerqgy utilization'by downstream communities as

.\

suggested by Vannote et al. (-1980).
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R 6. BIOLOGICAL IMPORTANCE |
Fiuidmwechanical properties such as Reynolds numger)
bou&d%}y layer thickness, and drag phag are'éxploited by
imméturé’§$ages of both insects and the adhesive
characteristics of filters will determine amount and type of
£ 00d consumed. Imﬁafure stages of both insects are fouhd in
natufe at velocities between 10.0 - 30.0 cm/sec which
’enhances7collision between filters and particlesufhrough thé
mechanisms oﬁ”lnterceptlon and diffusive and/or
motile-particle deposition. Suspended FPOM and bOM will
reach the surface of filters mestly by the laLter mechanism.

- The motile ablllty of zoo-—, phyto— and baﬂterloplanku@m
will ncrease efficiency of thls mechanlsm in natural
environments. Particles probably become attached to the
surface of filters by elect:bstatiq attraction/surface
chemical properties.\\n,addition, miéroonganisms (e.g.
bacgeria) may have the'capabilty of genetic ﬁanipulation;@ﬂ'
adhesioh molecules in the flagella to enhance adhésioq”po,

&u;faces (Léwin} 1984). The atﬁachment ,efficiency, Ea, 1s a
functlggmof surface propertles of filters ;nd food particle
and re51dent t1me of partlcles near f lters, thus- 1t 15
“enhanced by slow flows (i.e. thick boanary laye:s) and
opposite éharges ghd‘motiliﬁy éround filters. Isolated
larvae of S. bivittatum and nymphs of I. campéSthis:wﬂicﬁ
inhabit ‘slower sectipné of the }iyer an?tmembérs of *

aggrégates which are not exposed to free stream flow will

have higher Ea valuesf(i.e. capture more particles that:

55
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enter the collision‘envelope)' Larvae of S. blVlttatum and
- nymphs of I. campestﬁls in faster veloc1t1es,'compensate for
the decrease in Ea by processing larger volumes of Water per
unit time whilst experiencing-higher drag. Availability of
large seEton, particularly faecal materials to downstream
communities is increased (Wotton, 1980) and this increases &,
the probablllty of colllslon between partlcles and fllters
of such communities. Wotton (1980) showed that feeding on “
large particles 1s a more economicfst;ategy than feeding on i
small particles due to the smaller volume of "water processed
per unit food intake. It appears thet feedinghon large
particles is an eieellent means of oétimiz;ng foraging 1in

both insects, however, availability of large seston to
filte;'feederg_iS'lﬁw at both low and high velocities. At

slow velocities, lafge particles sediment faster and are
seldom availeble for capture. At high velociﬁies‘inertia of
large particles ihcreeses only 1f they are Very dense

because they‘are suspended in a dense medium and they tend

to follow the streamline and-only seldom enter the collisidﬁ
envelope around filters to be céptured Resident time of

EN
sucn large partlcles near fllters is also short. Aggregation
ef fllter feeders may be . a behav1oura¢ adaptatlon for
optimizing forading. K
- In summaryﬁ mosgjof‘the Objeetives,of this stﬁdi'were

¥

achleved Results ihdicate that the modifications (Spielman,

vﬁ% 1977 Gerrltsen and Porter 1982) to the theoretical‘models

of the Rubenstein-Koehl model are jUStlfled and necessary in
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ligquid systems. Recent suggestions by Lewin (1984) ﬁhat
microorganisms (e.g. bacteria) may have the capabilty of
genetically manipulating adhesion molecules in their
flagella to enhance adhesioh to surfaces in liquié systems
feveal much about fhe hydro-chemical forceés and genetic

1
manipulations that are involved in adhesion of particles to
surfaces. Thére is need for studies on filtering efficiency
of fiiters of insects using particles with different charges
after the method of LaBarbera (1978). Such studies will
contribute to better Understanding of nature and properties
of substances that enhance particle retention by filters.
Information is also needed on velocity'terms and streamline
patterns for filters of insécts in order to calcualate
absolute efficiencies.

Scaled-up modeis enhance flow visualization around
filters and are also useful in elucidating fluid mechanical
principles such’aswboﬁndary layer (&), Reynolds number (Re)
and coefficient of drag (Cy) whiéh are exploited in
processing water for particl%§é

~Suggestionsron biologicgl?impértance of filter feeding
wére hot tested and are at best speculationf%ased on other
past studies. Tﬁése suggestions are nevertheless testable

and should form part of future. study on biology of filter

feeding.

]
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Figures 1 to 5. Filtering structure of larvae of the
blackfly. |
Figure 1. Céphalic fans of S. biviftatum. Bar, scale =
250um. | |
Figure 2. Scaled-up model of portion of three rays of
S. bivittatum. Bar scale = 2 cm.
Figure 3. Frontal view showing orientation of ray and
microtrichia to flow. Bar scale = 2um.
Figure 4. Lateral view of rays of S. bivittatum. Bar
 scale = 25um.
Figure 5. Mixture of polystyrehe particles and natural
faecal materials‘showing some diatoms from gut of
S. Divfttatum. Bar scale =‘5uﬁ. |
) , S . ¥
cf, cephalic fan; di, diatom; hd, head; m,
microtfichia; po, polystyrene'particle; r,ray.

i

Cr



POOR COPY v
COPIE DE QUALITEE INFERIEURE




gy

Figures 6 to 10. Filtering structure of nymph of the mayfly.

| Figure 6. First and second rows of rays on foretibiaAof
I. campestris. Bar scale = 25um.

Figure 7. Scaled-up model of portion of two rays on
first and second rows of rays on foretibia of .
campestris. Bar scale = 2 cm.

Figure 8. Frontal view showing orientation of ray and
microtrichia to flow in I. campestris. Bar scale
= 4um,

Figure 9. Polystyrene particles caught by secretions on
microtrichia and rays of filters of I.
campestris. Bar scale = 2um.

Te

Figare~ld0. First, second and third rows of rays on

forefemur of. I. campestris. Bar scale = 40um.

fe, femur; fr, first row; lm, lateral
microtrighia; m, miCﬁgﬁ?ighka; po, polystyrene
particle; r, ray; sr,:second row; t: tibia; tr,

third row.
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B -L,tl,-feeding poritions; c-feedback control

Figure 11, [Flow tank.

to motor (m); c,5 Co ¢_-collimator; d-drain; i-bottom part of ice
Ie o
op- cover not illustrated.

l-support for tank;
~tructure for minimizing turbulence (tv) generated by

container. T
tS-plexiglnane

vroreller; r-ncrech,
2

; p-propeller
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8. TABLES

Table 1. Concentration and expected proportlons of

polystyrene particles, of flve size
suspen51on (1981) (Numbet; zn paren

Particle . vConcentratlon of
diameter : partlcles(No/ml
+18D ] ‘ dis
(um) » +1SD
0.5:0,006 '4L4yg'1o§(g¢%x105>
1.240.016 1.0 %710 (9 21041 w7
5.5+1.7 11 x 108 (o 6% 104) ¥ 5
25.75.8 1.0 x 1@‘(1}1x105) <.
90.7+17.7" 2.7 % 104(5.6x10")
;§,g
;W

classes, "in’ feeding
thesis is =1 SD)

-

" Expected
pr opor tl on
N ~ (degrees)
o
5 60.23
5 ‘ ‘55.19
O e e 818
PR e S . e
5*& 2.44
B

Table Q«JGbncentratlon and expected proportlons of
polystyrene particles, of six size classes, in feeding

suspension (1982). (Number in paren

Pgrticle _ '%centratlor‘x of
dlameter « - pMticles(No/ml).

+ 18D

(um) < o i1Sb ‘
0.520.006 4.1 x 10°(0.9x10*) RQ
1.2+x0.016 1.23?;10”(1 0x10°)
5 5;1.7 4.2 x 10°(0.5x10%)
25.7+5.8 1.1 x 104(1.0x10°)
50. 1120 1.4 x 10°(1.1x107%)

thesis 15 +1 SD)

Expected
proportion
N {degrees)
5 60.33
oG,
5 8.53
5 (;;g ? 2.43
5 & 0.81
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