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their" food supply. Szrpng gradients %n water, velocity and
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seston concentration occur in the near-bed region: together
x -

they determine the flux of particles to benthic suspension,
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feeders. Analysis of the equations predicting the wertieal
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distribution .of velocity and conpentn%tion revealed .

variation in the height of near-bed flux maxima with 7 -

o ——
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changing flow conditions. Hydrodynamic sorting of se2ton

'
. particles creates gradients in seston quality in addition to

r
-
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the flux gradient. "
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sediments from Eastern Passages N.S.;, revealed tﬁf same
+

qualitative patterms predicted by the analytical model.
Flume feeding experiments showed that hydrodynamic sorting
/
/ in the near-bed region is i®portant to a tube-building

benthic suspension feeder, Spio setosa (Polychaeta:

. g ' N f f
Spionidae). Worms feeding from 4 to 6 cm above the bed

¥
ingest a higher proportion of organic particles than those
feeding feeding from 0 to 2 e . - " .-
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Field studies revealed the importance of low-densify
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organic seston in the diet of S, ggggﬁg. Variation in the
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/> Suspension-feeding invertebrates are ubiquitous .

compohents of marine benthic communities. The processes -

Y

éffecting the transport and capture of food particles by

these organisms affect the ‘trophic structure of marine
71 N

ecosystems, With the publication of "Biology of Suspension

Feeding", C.B. Jérgensen (1966) consolidated many years of

1 —_—

diverse rusearch into one conceptual fabric. His focus on
. r

commercially important Q}yﬁ&ﬁé species reflected the bulk of
) I . »
prior research efforts, yet he was careful to point dut

other primarily suspension-feeding groups. His list has

s

sinde been expanded to include groups with, at least, a ,

»

facultative ability to feed on suspended particlesh He was
khd < * '
~"also the first to make the important distinction between the

M"active" and "passive" modes of suspension feeding. Active

suspension feeders eﬁpend metabolic energy to create local
currents which carry -foeod particcles past the animals'

\feeding structures. This group includes§1amellibranch
@ .
bivalves, brachiopods, bryozoans, barnacles and chdetopterid

polychaetes, as well as sponges (Vogel, 1981), alpheid

-

shrimpsF(Gust and Harrison, 1981), and some Amphipoda

(ampeliscids, Mills, 1967; corophiids, Miller, 1984).-

.

Passive suspension feeders create no such currents and rely

o

solely on the horizdntal transport of f?pd pértiél;s by :

) - \
ambient water currents (Jdérgensen, 1966; Warner, 1977;

LaBarbera, 1984), ‘although maintaining proper orientation of

their feeding structures may have ites own metabolic cost
‘ )

(Koehl, 1977). The organiéms t}aditionally placed in this

.
»
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category inclﬁdé actinians, corals, gorgonians, crinoids,
serpulid pélychaetes and sofie ophiuroids. Recently some
groups, especially in the Polychaeta, previously thought to
be exclusively deposit feeders, have been shown to be
facultative suspension feeders. Notable among these are the
terebellid (Caréy, 1983) and spionid polychaetes (Taghon et
al., 1980; 'Dauer et als, 1981). .

Jérgensen (1966) recognized the importance of the

. { - ]
nature of the parﬂ%cles in suspension: "It ig reasonable to

\ .
discuss food conditions as a function of the habitat as

~—

characterized by the organic particulate matter in

-

suspension.”. Colloidal or flocculated organic matter and
organic-mineral aggregates present as potentially rdich a

food source as do phytoplankton cells or organic detrital

s

particles (Bowen, 1984). High concentrations éf quartz, clay
or other inj&sanic components, while providing surfaces for
bacterial epiflora,yzge of little nutritive vélue and may

clog the feeding structures of many suspension feeders. The
ecological implication of this were presented by Rhoads and

Young (1970), who suggested that substrate destabilization
¢

and ‘resuspension by motile deposit feeders resulted in the

. h ° .
exclusion of many suspension feeders from soft-bottom

assemblages ("trophic group amensalism"). Wildish and

L

Kristmanson (1979, 1984) proposed the alternative concept

that flow apeed and\bottom roughness control the food

. e

supply, hence the distribution, of suspension feeders.

Recently Genin et al. (1986) have demonstrated that this is

/ “ -
/
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indded the case with deep-sea corals. Rhoads et al. (1984)

[N ©

provided evidence of the richness of particles in the near-'
bed refion, which they called She "Benthic Turbidity Zone"
. . * %

(BTZ), and emphasized its potential for bivalve aquaculture.

Placing suspension feeders on racks slightly abvve bottom

a ¢ s

circumvents the amensalism process and provides bivalves

with a rich and dense seston mixture’which is a combination

°

of particles resuSpehded from the bed as well as particles,

produced in the water column and settling to depEP. N
Efact knéﬁledge of the type and quality ofimaterial
availabie to.'and ingested by, ksnthic sispengion feedérs ig

important to gseveral marine disciplines. Application of

Optimal Foraging Theory (OFT) to the marine realm holde the

© @
promise of producing explicit and-testable ecological .

theories (Hughes, 1980; Townsend & Hughes, 1982). Before

[

this is possible, specific knowledge of resources available

to benthic organisms is necessary toccomplete 'the OFT

equations (Jumars & Gallagher, 198§)f This means

characterizing both the particles -in suspension near the bed
“ & ¢

and the particle% actually ingested. Study of the transport
B - - !
of estuarine pollutants demands a knowledge of the steps

affecting particle deposition, resuspension and ‘ingestion by

o 9

benthos. Dense assemblages of suspensgion.feeders may deplete
A

nhr-bed seston concentrations (Frechette, 1984; Wildish & -

Kristmanson, 1984) and will reduce deposition. Resuspension
of polluted bottom sedimentg makles them available for

ingestion by benthic suspension-feeders, while the 'rapid

— £

.

7

?
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settliné of flocculated organic-minerdl aggregates L

N

transports dissolved pollutants from the water column to the

bed, (Kranck, 1974; Bowen, 1984; Melack, 1985). The role of

L4 ! B

3

benthic suspension feeders, living in the ecotone between
/ . &

.
-

on of

N

/ .
sediment and water column, in the biocaccumulati

-

estuatine pollutants has important implications for the

transfer of these materials through estuarine trophic

~
.

. R . N .
systems, My specific aim is to examine~the fine vertical

. . -7 .
structure of seéston in the ' near—-bed region (0-10 cm.) and

A

study the response of a.suspension feeder to the physical

.
1

factors determining this structure. A better appreciation of

the physical milieu will advance ouwr understanding of its

role in foraging strategies of the benthos as a whole.

-

E;%ly studies of the behaviour agd habits of benthic

.

~

suspension feeders have been replaced by more mechanistic
studies of the process of suspension feeding. The small- -
scale physics of particle capturevwere first reviewed by
Rubenstein and Koehl (1977) and-put in ecological context by
Vogel (1981) and LaBarbera (1984). Of the five modes of

particle capture outlined by Rubenstein and Koehl (1977),

.

only two have been recognized to be of any importance to

N s

marine benthic suspension feeders. These are i) direct
interception, in whicéh only the relative diameters of the
particle and the filter fiber affect capture efficiency, and

ii) inertial- impaction, in which the density difference
between the particle and the fluid medium also exerts an

effect. Particles of low density closel& follow flow
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streamlines and, as wateér is diverted arqQumnd the filter
Al o
fiber, so.are ‘the particles., Denser particles have greater
- . ® ‘ * T i ) " - QJ‘
inertia, are not as easily diverted, and are thus more .
[}

\ N
likely to contact the fiber and be captured, ‘The formulae

presented by Rubenstein and Koéhl (1977) for these two modes

~ a -

’
of pérticle capture are: ' , .
. . ‘

v
- » .

’ . g = dp/de. T LT ! SRS

’ 9 o f '
“ s k3 “

for direct interception, apd " -

T o —{0ppy) a3V )
1 (T8uds) (2) '
\ . . . -

¢
- » - A .
for inertial impaction,\where dp and dg are-the diameters of |
S :
o - +

the particle and fiber, V is the fluid velocity, ; is the

. <

molecular viscosity of the fluid and fp and Py, are the .

specific gravities of the“pqrtiéle and . fluid. ‘,

- Combining equations (1)<and.(2) yiélds anqexpression

k2

for the ;elative'importance of the-two feeding modes:

n

o I3 _ 18U
. Rai = I T T(pppwidpy 3

- !

- ,
. A

equation (3) predicts that the fole of inertial impabtion
increases with increasing pqrticleodiamefer. greater
particle specific gravity and increasing flow velocity;
These are pﬂysically controlled factors to which organisms
must adju;t. Large vertical gradients in each of these
factors occur in the near-bed region and 'their effects on

@ >
suspension-feeding benthos may be predicted by looking at

their behaviour "singly and together.
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Factors Affecting Food Availability - ,
Velocity ST ‘ o - ,

-

4 " 13 - =
The reduction of water velocity in the near-bottom

>
12

region, due to drag exerted by the seafloor, is appreciated

\e 4

by masdne ecologists. What has only recently .come into

M .

general view is the specific role of near-bed veloecity
gradients and how they exert stresses on sediments and

organisms. The gpeclfic sgructuze of the benthic boundary
] " 6‘

layer will be discussed in chapter 2 and a review of the

derivation of thé velocity profile is presented in Appendix

[}
-

@

I.

. )
Reviews of the role of boundary layer flow in the

pr)

;cology of mariné benthos (McCave, 1974; Vogel, 1981; Nowell

et al., 1982; NLwell & Jumars, 1984; Jumars & Nowell, 1984)

AN o

have focussed largely on reciprocal interactions between
deposit feeders and sediment transport. Jumars and Gallagher
+ . *

(1982) made the point that near-bed velocity gradients force

benthic suspension feeders in-the deep sea to feed-
. S
relatively hfigh off the bottom. Suspended sediment loads are
)
so low that/ the metabolic costs of pumping water are not

.~

repaid, thus excluding active suspension feeders. Passive

‘

3
suspension feeders that successfully colonize deep-sea

-~ 4

habitats usually have structures that allow them to extend

.

many centimeters above bottom as adults. This brings them

o

b
into faster flowing water, which transports particles at a

-

greater rate. Jumars and Gallagher (1982) speculated that

-

deep-sea suspéncion feeder populations may be limited sby the
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number of suitable larval colonization sites. Juvenile

suspencsion feeders are not large enough to extend into
sufficiently fast flow "and ne;ﬁ piatform@ (rocks, hummocks) -
on which to settle. Such platforms _are exceedipgly rare in
the deep sea.

The interaction Petween boundary—}ayer flow, biogenic

P

structures on the seafloor and benthic syspension feeders
was—first addressed by Carey (1983). His detailed study of )

conchilega, showed that resuspended particles, advected
verticdily in the lee "of the tube, could be captured by the
suspension-feeding worm. Scour and resuspé;sion at the base
of the tube are due {ﬁﬁg flow structure called the horseshoe
vortex (Carey, 1983), wherein high-velocity fluid is
deflected'to the bed at the front of the tube and forms twin
helical wakes in the tube's lee, much as in flow arou;d
wharé pilings (Niedoroda & Dalton, 1982). Recently, Eckman
and Nowell (1984) have made detailed ﬁeasurements of bed
shear stresses around a worm tube and Paola (1983) has made
similar measuremente around larger benthic ébjects (mounds,
ripples). ) “

The shear stress at the bed is most commohly determined

from velocity profiles measured in the boundary layer. The

. measured profile is fitted to the Karman-Préndtl logarithmic

velocity profile, most simply expressed by: ;

s
3 &

) U, = otip—— - (s

2. /K Zq

i3 *

1
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The relevant parameters are zo» Which is called the

&

Yroughness length"™ and is the. z-intercept, and ux, called
. —

the "shear velocity", is a parameter describing the slope of

[
-

the velocity profile and the shear-generated turbulence in
the boundary layer. It is équivalent to ( To / pw)1/2 s

where 7% 1is the shear stress at the bed and QP is the ,

’ »
°

fluid deﬁsi%y. A log—-linear regression of the measured

4

profile yields z, (intercept) and ux (slope), from which T

(

conditions, Anwar (1983) found that the simplest form of .

4

is obtained. Although more complex formulations exist for

depth-limited, stratified and high suspensate load

equation (4) could accurately describe the velocity profile
of well-mixed estuaries. Stratified estuaries required an

additional buoyancy éerm when the stratification extended

into the boundary layer. -

N ¥

Seston’ Concentration

A fonsequence of the logarithmic velocity profile is

that particles with a given fall velocity (wg) have their

fall opposed by turbulent ?iffusion, (characterized by uyg), 'y

-

in the boundary layer. Rouse (1937) first formulated an

explicit equation to predict the vertical distribution of
¢

-

seston concentration (see chapter 2). Review and explanation

_of the derivation are presented in Vanoni (1946), Raudkivi

'

(1976)-.and Middleton &' Southard (1984). Laboratory tests of
the Rouse equation (Vanoni, 1946) have shown it to work well

o v
for rapidly falling particles (medium and coarse sgands), but

-

t
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field testsa(Sternbéfg et al., 1986) suggeft that it may

1

uhderestimate concentrations of light particles (silf, clay)

"in the near~bed region, This.is most likely due ,to

flocculation and enhanced settling of fine particles in
- .

estuaries (Kranck, 1984; Sternberg et al., 1986), although

. Sternberg et al.'s (1986) .measurements were restricted to

[

1 I -
heights above 18 cm. and are thus of limited value in

a
Y

ellucidating seston concentrations very"close to the, bed.

Nonetheless, the Rouse formulation of seston concentration

L

. ¢
profiles remains a reasonable startifg point for modelling

) ) ,

[ a

natural conditions. «

tion in marine ecoldgy

To date, use of the Rouse eq

-

has been limited to predicting whethey particles of a-given

fall velocity will travel as.suspended)or bedload maé&i%aluﬂ

in a flow of known ux. This was applied by Nowell et al.

(1981) to fecal pellets of the polychaete Amphicteis

scaphobranchiata and used experimé;kally by Miller (1984) to -~

ensure that corophiid amphipods fed in a uniform suspension
ina small flume. Particles of very low fallvelocity.%wo

orders of magnitude less than the friction yvelocity, will
&

generally be unifbrmly distributed (Jumars & Nowell, 1984),

Any particles with £fall velocities greater than ,0luy will
7 “ \

form vertical concentration gradients. Although telatively

straightforward for well-sorted sediments, the predi'etion of

seston concentration profiles is difficult for the poorly-

sorted, highly organic sediments characteristic of

estuaries. Krone (cited in McCave, 1979) devised the contept

)
:I'

*
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of "effective settling velocity", which ip estimated from a

’ . . s
concentration profile in a flow of known ux and may then be

¥
o

‘applied to other flow situations, This still %oes not g

-

overcome the problem that the,seston is composed of diverse

particle types which, in flow, will hydrodynamically sort to

different heigh¢s. This prqblem is addressed in chapters 3

and 4.

s

P

Flux N .

Despite making use of material settling directly ‘from

— o L

the water column, passive suspengion feeders depend

primarily on material moving horizontally past their feeding

a

structures (Jhdrgensen, 1966; Warner,‘1977; Jumars &

Gallagher, 1982; LaBarbera, 1984; Genin et al., 1986).

3

Neither the seston-.concentration, nor the flow wvelocity.

-

alone are really appropriate to assess the particle supply

= - -

to passive suspension feeders. The product of these two

components, ﬁbwever. yields the horii;ntal flux of material.
2 . . a

-

.Measuring (preferably simultaneously) profiles of velocity

. *
and concentration allows one to calculate the flux profile.

[ ’ v

This waeg appreciated by Nowell and Jumars (1984), but they

carrieéd the suggestion no further. The fact that theoretical

L

formulae are known for theivelocity and concentration

profiles in the benthic boundary layer means that a

theoretical study .0f the flux profile isg relatively

0

straightforward. '"This is done in chapter 3 and applied to a

benthice suspem;ion;feeding polychaete in chapters 3 and 4.

Al

-
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Choice of a Model Suspension Feeder , ) < "

:

Spio setosga

“

L

Although the potential for spionid®polychaetes to

PO

3 - ? v
intercept suspended particles has been known for some time,

Taghon et al. (1980) first repbrted specific behavioural’,

v
LY

adaptations to facilitate suspension;feedihg. Pseudopolydora

©

kempii actively coiled its palps in response to higher flow

rates or increased seston load. It showed an gbility to

switch from deposit— to suspenéion-feeding modes asg
- \ .

conditions of flow and particle flux changed. Dauer et, al.

-, ° g «

Pl

»

(1981) observed the feeding behaviour of several spionid
L M I Al

sPeciEs, including S. §§Eg§§.,They reported detailed

P s
-

information on the progression of palp orientation, from

sweeping the bed (deposit feeding) to tH; full. coiling seen

in suspehgion-feeding. Pseudopolydora (Tagth et al..ﬂ1980L

. ) ] . o
Dauer et al. "(1981) also reported observations on the

.

suspension-feeding activities of §. setosa. Its habit of

»
’ -

A
constructing a conspicuous sand tube often isoclates the worm
from feeding at bed level, so tha¥ any deposit fieeding it

may do must be from the sides and top of the tube and not

"

2 (1984) reported the feeding and

particle selection behaviour of another spionid polychaete

the bed surface. Daue

a

(Streblospio benedicti) and concluded that it performs post-

dapture selection of particles by means of ciliary currents

in the buccal region. My observations of both S. setosa and
Spiophanes sp. feeding under a dissecting microscope

a o
revealed no such selection of particles. The only particles
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that these speciesrrejected were physically .too large to be

v

ingested. Jdrgensen's (1966) statement of non-selectivity in

suspension feeders seems to hold for\S. setosa: "...the
. oW v .
compogition ef the ingested material is/roughly similar to
o 4" Y . 7

that of :the suspended material in the surrounding waters."

L}
A ’ « R

‘ Recent éQudy'of deposit-feeding benthos (Cammen, 1980;

- 5
&

e . » J
Taghon & Jumars, 1984) has‘s‘shown many species to be less
" ‘ . - .
actively selective than previously supposed. These organisms

adjust the quality of their ration. by varying their

A ~

-

ingestion rate in response to changing 39£ditions.
. : > .

-

Suspension feeders,havg"another option for adjusting, the

-

ﬂydradynamic so?%inkmof

bt

nature of ,the ingested ration.

’
L G

suspended particles is a potential mechanism by which .
v - v

]
L v

Ld
suspensiqn feeders may feed selectivelycon one fraction-of

o » hd

the seston. In the aquatic Analogy ef sepdrating wheat from

(3

a -

O . . »
chaff, denser particles either settle out completely oxr form——

3

T~
strong gradients of suspended 1oadﬂnear the bed. In this

0

v! . ' . V. ¥ ¥ t““ ” -
case 1t is the "chaff", remaining uniformly suspended or

forming gentle vertical gradients, that is of greatest

4

interest to benthic detritivores. In estuaries thie' material

. . .
L3

is formed of flocculated aggregates, decomposing macrophyte . s

N ' ' 6' - N \ ‘ A
fragments and small diatoms. 'Organisms which may suspension.
" ~ °

feed at some distance above the bed may be able ‘to take. -
% LI

advantage of the sorting and maximize their intake of '

Y . N .
organic particles. - .
Al + . e

Y
-

As predicted by equatilon (2), -the capture of denser N
!9 . ° ® + -

. porticles is greater than that ‘of light particles in a., .

o 2.
] . e ¢ ™ ™ Q

-

- »
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complex suspension. From equation (3), the role of #nertial

.

impaction incregases with increasing particle density or

¢

. ¢

increasing flow velocity. In the benthic boundary layer

- ’

is therefore hard to ptedict whether inertial impaction is

°
pes

more important than“direct interception®close to or far away
~ o &
Q ’
from the bed. What is ‘clear is that, in a complex ,
. : . /
suspension, dense particles are more easily capturéd than
o ‘ *

I3

»

.

light particles. Any adaptation thg; allows an organism to
\ . A 5

feed in ‘a region where the prdporti%n of light (organic)
q . N

e e
N

IS PR ,. R . ! .
particles is enhanced will gain an energetic advantage. It

. ! . -

is possible that the tube of S. setosa allows the worm to do

tHis. .
- - m -~

Even though this'thes}s focuses on the role of near-

3

bed seston fluxesg in the nutrition of passive suspension

feeders, the general paéterns of near-bed fluxlaffect all

M )

benthic suspension feeders. Active suspension feeders,
!

o e

bivalves especially, take an integrated ration.from the™

1)
.~

lowest few centimeters. Macoma balthica, a supposed deposit

-

4
fleeder, actually obtains the majority of its ration from

suspended material, in spite of spending less than 20% of
ite time suspension feeding (Hummel, 1985). Infaunal

< e %
species, such.as Mya ggénagig, are faced with capturing

bedload as well as suspended load material. Epifgunal

. a

species like Mytmlus edulis often form hummocks wh1ch raige

them above the bed, \nncrease local turbulent mlxlng and

©

.
-
Al /,,/J . .
o
T . [

&

o
4
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o .

place the organism in a region of higher flux. Production.of

N -

pseudofaeces by lamellibranch bivalves:is an adaptation to

feeding in an environment with high inprganic seston, loads,

but it can have a significant metabolic cost (Hughes, 1980).

a

~

Flux per se is not as-important to active suspension

feeders as it is to passive suspension feeders. The
£

" prodigious filtering capacities of many bivalves has long -

3 .

been docimented (c.f. Rice and.Smith, 1957: up to 7 1 hr-l

)

by Mercenaria mercenaria) and makes them relatively

'S
» \ »

independent of the ,ambient flow speed. However, the few
g , ;
documented instances of seston depletion by active . . -

-

suspencgion feeders (Wildish & Kristmanson, 198}; Frechette,

1984) suggest that their nutritional requirements are not

completely independent of local flux conditions. ™

The effect of seston flux on’'suspension feeders differs

slightly between the estuarine, shelf and deep-sea

’ P

environmente. Passgive suspension feeders form a much larger

pefcentage of deep-sea assembBlages. Jumars & Gallagher
e

(1982) attribute this to very low seston concentrations (one
% )

to two orders of magnitude lﬁgﬁ\than in estuaries) which do

not repay the metabolic costs of actively pumping water. .
Deep-sea suspension feeders are commonly stalked and reach

many centimeters above the seabed. This raises them into a

«

region of substantially highér flow rates than at thé bed

'

and, presuméably, higher flux rates. If the bulk of material

in suspension is composed of slowly settling organic
. 7

particlésy the flux profile will track the velocity profile

t



. 16

and increase in roughly logarithmic fashion from the seabed.
. .
The presence of many tall, fragile, stalked forms in the

' .

deep sea (c.f. Heezen & Hollister, 1971) is suggestive'of

low bed stress,'slow flow and little resuspension of

material. Resuspension certainly does occuf,” but in petiodic

- -

eyents or "benthic storms" (ﬂichardson et al., 1981).

.

Coastal and shelf ecosystems 'have higher seston input

a -

o, .
and are subject to wave effects. Both factors result in much

o «

[
more material, especially organic material, available in

+

suspension. Surface waves exert effects to a depth

-

LY
equivalent to half their wavelength and thus are important

a v ’

even at con;;}KﬂFEidghelf depth® (Grant & Madsen,. 1986).

Wave effects are much more evident in shal}dw water, where

their¥ effect on the bed is often seen as symmetrical’

<
-

ripples. Combining wave and current effects in simple flumes

== 0 3 » L3 3 0] 3 4
is difficult, if not impossible, so it is best to 1sola£e o

.
. ..

factors and not try to complétely re-create natural

’

conditions. . .

.

- The’® capacity of estuaries for flocculation of organic

and inorganic particles was first reviewed by Postma (1967)

N

and later by McCave (1979). The incorporation of estuarine

’

” /
pollutants into flocculated aggregates (Kranck, 1974; Bowen, ,

b

1984) provides a gpecific mechaniem for rapidly transferritﬁr
pollutants to the bed or near-bed region. Many pollutants
are incorporated into farge, fast settling flocs and quickly

. . . X .
make their way into the sediments. Unless resuspended, this

‘material- remains within the domain of ‘deposit feeders.

’

@

HOBD o3
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Lighter, fragile flocs either setéle siohly or are broken up

a

. s 4
and resuspended in the higher shear of the boundary layer.

The positioh of benthic suspension feeders at this interface

L]

means that they are ideally.situated to feed on a food

source which fs.energéfically rich -(Bowen, 1984; Rhoads et

al., 1984), but which aiso may carry a high pollutant , -

~ °

burdem Organisms such as spionid polychaetes, which may

o

%

either, suspe;Lion or "deposit feed, as flow conditions .

v

determine (Taghon et al., 1980), will ingest high amoupts of ™

:

flocculated material. Their stemdency’to deposit feed at low

P a
3 .
id

flow velocifies means that they pick up recently deposited

« —— i s o

flocs, wh&ch settle rapidly at slack water. 8. setosa's
demonstrable preference for organic-mineral aggregates™

(OMA's, see chapter 4) indicates that this material forms a

large proportion of its diet. The role of these drganisms in -
. ¥ y
estuarine food webs deserves further imyestigation,

*

The primary causes of resuspemsion in estuaries are

\:‘g,‘ . a.;

currents, waves and bioturbation. The importance of each

v

depends on local copditiohs but, in general, physical

a
N

. . - s
factors dominate in shallow water, espec¢ially, intertidally .
(Grant, 1983). The principal forcing mechanism in estuaries

is mind°stress, resulting in distinct .seasonal ,patterns in

the amount (Andefson.& Mayer, 1984; Cloern & Nichols, 1985)

-

and quality (Soniat et al., 1984) of material in suspeﬁéipﬁ.

Resuspension plays an important ‘role in the redistibution of’

© voe .

organic matter after significant input events  (e.g. .

sedimentation of a phytoplanktoﬁ bloom),‘élthough the
P o

"
(e N N v
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, 4
trophic significance of this pr¥{cess changes as the nitrogen

[y

content of ‘the supply declines (Graf et al., 1983). Periodic
(or continual) resuspension of bottom sediments makes the’

equilibrium assumptions of the Rouse equation somewhat

]

tenuous. The added complication of internal boundary layer

formation in the lee of individual structures on the bed’

e

(Paola, 1983; Paola et al., 1986) further complicates the

¢

picture. If rotational current effect®, of tidal embaymenté
are also to ﬁe considered, the question of smfll—scale
séston flux measurements becomes experimentally intractable.
Thus the aim‘of my experiments is not to provide a

laboratory simulation of the field conditions, but rather to
7

TIae \
igsolate specific hydrodynamic factors and estimate their

potential effect in the field. . /

Thesis Organization .

The experimental portion of the thesis relies “heavily

A4 T

on new techniquesg in the use of a laboratory flume, an

important tool in experimental marine benthic ecology. A

detailed understanding of the structure of boundary-layer

flow and its reproduction in the flume is essential to

«
"

obtain meaningful experimental results, Chapter\Z gives a
review of boundary—%ayer theory and its prediction of
velocity and seston concentration profiles. ‘I review

various flume designs and measurement systems and give a

detailed description of the flume used in this” work. A

D,

detailed derivation of the Karman—-Prandtl formulation of the

velocity profile is presented in Appendix I.

-
-
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The pririciple aim of this thesis is to use three
1

approaches to investigate the role of the near-bed particle

flux in the nutrition of a benthic suspension'feeder. The
first approach is anmalytical; it is presented in chapter 3.
A
Theoretical aﬁélysis of the velocity and suspended sediment
o

»

equations is used to model vertical flux profiles in the

Y

near-bed region and to predict the patterns of horizontal

flux of different partidle types. These predictions are

tested, in the second/approach, by laboratory flume

experiments. Natural guspensions of seston in controlled
flow_are sampled to provide vertigaf profileé of gradients .
in flux.'The final investigatiqniaddresses the naggre of
pérticles actually. ingested by a benthic’suspenszon feeder,

3

S. setosa, feeding at different heightg above the bed. The

# o
flume provides the controlled flow and seston concentration

.

for these experiments, which are presented in chapter 4.

- » . - ’j [ »
Field investigation of seston concentratdons available

o )

e et s i e e

co&nectfon betwgén the theoretical and laboratory work and

Ad
its relevance in estuarine conditions. The importance of
“ / -

hydrodynamic sorting in the nutrition of S. sefosa is

indicatgd by the agreement between the field and laboratory

resul{s. Relevant field results are presented in both

“

ters 3 and 4.

Chapter 5 summarizes the results presented in chapters

3 and 4. Alghough the analysis is applied-only to one

~

organism, a passive’ suspension feeder (8. setosa), the

s 1



implications of the results extend to suspension feeders in
4

1
general, passive and active.
' 1

*. -
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Introduction -
@ .

The flow of water over the bottdém distributes sediments
and food particles for benthic animals. Both the morpholog;
%flthese animals and their means of aquiring food are
adaptive responses to the fluid medium in motion (Rubenstein
& Koehl, 1977; Vogel, 1981; Nowell & Jumars, 1984). »
Increasing attention has been paid to the role of horizontal
advection in supplyding food to benthic organisms (Miller et
al, 1984; Wildish & Kristmanson, 1984; épant, 1985); this
requires knowledge of the horizontal transport rates of
organic "detrital materials. Due to the inherent variation in
Si?egand density of naturally occurring organic-mineral
aggregates, it is-impossible to obtain calculated settling
velocities from iheory, and measured settling velocitiei/éan
only be approximaxions with ;oorly sorted sediments. / —_

Studies with laboratory flumes have been used to

.

isolate flow effects and elucidate relationships that could
not be detected in field studies or by theoretical
approaches. For example, Wildish ana Kristmanseon (1979.'
1984) showed strong correlations between the rate of seston
input and the growth of suspension-feed%ng bivalves. C;rqy
(1983) showed that local ‘scour due to the hydrodynamic
effects of worm tubes provided a source of resuspended food
particles. Lookiqg more directly at the horizontal transport
of such particles, Fisher et al. (1979) measured critical

erosion velocities for organic detrital particles from

streams and found them to adhere well to the standard
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Shields "competency" criterion, formulated for well-sorted

inorganic sediments. Grant et al. (1982) used the same
‘.criterion as a measure of ‘the way biological processes

modified non-cohesive sediments. Results, presented below,

on the horizontal flux of suspended organic material show
i .
that a substantial gradient exists veiyhilose to the

seafloor (Chapter “3). The condiiions that determine whether

the flux maximum occurs at the boundary wor a few centimeters

above will have important implications for foraging in

suspension—- and deposit—feeding benthos. Other modelling and

experimental efforts have attempted to determine ‘how the |

-

food gﬁppy to deposit—-feeders is mediated by thé local
: . 9
hydrodynamic regime (Jumars & Nowell, 1984; Miller et al.,

1984). v
In addition to the effects of flow on fe&ding and food =
supply, benthic organisms have a role in determining the

_stability of the seabed. This effect has been studied in'a

flume by Neumann et al. (1970) in tropical sediments, Rhoads

“et al. (1978) Jsing natural sediments from Long Island Sound

and by Young & Southard (1978) using Buzzards Bay sediments.

Li;er work (Eckman et al., 1981; Nowell et-al., 1981;

a

Grant, 1983; Taghon et al., 1984; Eckman & Nowell, 1984) has

-

been directed at separating direct biological effects from

° o

biologically medigteﬁ hydrodynamic effects on sediment
@ — . .
stabiliqy{:The ability to quantify biological effects on the
3 ) a
physical .environment in terns of roughening of the bedaﬂ&

the binding of sediments, has allowed ecological information

©
-

v N

a
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to become relevant; to moré applied disciplines, such as -
L

-
. ® i

- ’
engineering geology and’ fluid mechanics. '
o -

Several technological factors have increased the number

L
°

of recent flume studies. Relatively ingxpensive heans of

£ »’ L4

measuring flow at fine scales have been presented in the

+
-

bio oéical literature (LaBarbera & Vogel, 1976; Vogel.‘

1981). As in other disciplines, the advent of™~iicro-

computers and appropriate software has made the logging and

“ L}

processing of large sets of data accessible to investigator’s
- &

who otherwise would not have the méﬁfs to undertake this

research.
LA . .
Despite the experimental appeal of laboratory flumes,

»

direct measurement of both bedload and suspended load in =~
~ .

.

. Lo
sediment transpornt ﬁﬁudies has been a difficult problem.

“

. -
Bedload *‘motion and particle flux have been' experimentall

o
° [

%fzmined from a sedimentological perspective for nearly a
13 -ty 4 N .

century sgince the work of Deacon (1894, cited in Gilbert &

A)

Murphy, 1914)., Studies of the distribution of suspended load
Na a e
started later, with the theoretical formulation of Rouse .

(1937) and experiments by Vanoni (1946) and othtrs. Thesev
investigations concern themselves primarily with the

I3

transport of well-sorted, non-cohesive inorganic sediments

N

and therefore omit the compoﬁents of greatest interest to
\ - :
students of the benthos, the organic and organic-mineral
Q
aggregatig in natural sediments. . ,

Ti/be able to manipulate natural sediments and

orgaqibms for this type of study requires equipment with
, .

/

’ N

o
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gspecial capabilities. These include the ability to (a)

gimulate natural near—-bottom flow conditions while

b

A .

() >

maintaining organisms.in life position (b) observe flowgfver Co

intact sedimept samples-with undisturbed arganic aggregates
° ?
and films (c) introduce and rapidly mix particles into

suspension and (d) allow access for measuremeht and
! B

\ -

v .
manipulation. The laboratory situation “is ideal, because 1n

-

‘. ] -

the field the structure of flows and their.organic particle

. . a

load are difficult to characterize, especially in unsteady >
- o ~ a

flowsa (e.g. over tidal flats) or on scales of interest to

~

biologists (mm to ém). '

My concern here is with laboratory flow chanmnels

intend%@ to control water flow and the boundary layer

processes relevant to benthic anpgmals. The ecological ..

N o

literature includes many contributions dealing with flow,

©

its measurement and the implications of water motion near a
boundary, but the details of flume design and operation are

-

dealt with only in.a cursory,ﬁay. Although® flumes and flow

a

tanks are obviouely adaptable to ecological problems,

o

detail's of the technology are scattered through a complex

literature. The only reference specifically on flumes
. o

(Williams, 1971) is directed at sedimentologists agnd is not
generally available. Flumes‘hévg oftep been used to study

the behaviour of stream insects (Peckarsky, 1983) but these p
experiments are nofﬁconcerned with bgundary layer phenpmena.

To the marine ecoldgist aspiring to operate a flume, the

prospect of apprdaching a diverse and specialized technical

~

‘
-

.
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literature can be daunting. The purpose of this “chapfer 'is

to providekfonstructive information on flume design, L
operation, instrumentation, methods, and measuremen& rom a

A e -

benthic ecolggist's perspective, I present a newly installed .

@ . ¢

flume at Dalhousie University as an example of a method &that
4 2

9
has great promise for experimental benthic ecology and that - :

a .

has already yielded significant results. '-

o o

Flume Design

o '

I will use the *Dalhousie seawater flume and its °

- »

- 7
instrumentation to illustrate critical aspects of design and

i «
’ -

T ¢
operation. Its design is simple, with basic similarities to -

2
many flumes now in use, and is compared with other

. N v - ) 5‘ ° x
4 - .
configurations to evaluate their relative strengths and . p

.

° . -
weaknesses. ’ .
9 .

"

The flume used for the present stuay (Fig.-"1l) is a ¢

flow-through channel (non-secirculating) with a 3-meter long
~ . - o \

working channel, constructed from 1/2" acrylic sheet

> 5

(plexiglas). Channel width is 35 cm and maximum flow depth

~

is 20 cm. The walls are joined to the flume bed with

plexiglas solvent (dichlqromethan?) and caulked with a thin"

v ~ -

bead of silicon cement. Cross braces add to the support bof K !

©

the walls (Fig. 1). One—inch thick laminated particleboard,

t <

;gsting on cinder-blotks, supportg the flume and provides a

y - ¢

.down-channel slope of between,1-2° A grid ofl ém squa?@c

- © s o "

placed beneath the clear flume flgor aids in instrument »
- ]

positioning apd examination of flow characteristics. An

-
. 4 ¢

opening in the flume floor accepts a flush-mounted 25x25 em

<
o

P * - = &

——
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Figure 1:'Plan.and side views of the Daibousie flume, -~ .

S
> PaY
s

e showingsthe headbox (hb), manifold (m), rectifier. grid

v

. . ) "
(rg), moveable platform (p), channel brace (p), . -

instrument platform (ip)’'with profiling stepping motor

pe

> g (s) and thermistor probe (t). This platform.is also

o ' 0 .

moveable, but is generally used in the working sectiab\
of the channel. Thé\corewell and corebox (c) are

4 N .
logated 75 cm upstream of the sharp-edged weir plate

(w) aﬁd'stepping motdr (s) fontrolled weir vanes (v).

Also shown are th’e‘flume° upport (sp), catch basin (cb)

. "

and drain (d). Not shown are the flow control valves on

- a
§

‘the manifold and the constant head overflow pipe

& o between the headbox  and ‘catch basipn. The total channel
[

I3

dehgthe is 325 cm.

¢ - A4

&

«
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" construction, Aquatron water is filtered through sand beds

. ‘ : : 29

- 0
v

2

acrylic corebox which is used to maintain benthic drganisms

v k]

and Eééipents in the controlled flow. -

- N

From a biological point of view, it is critical that
the flume materials not be toxic to organisms, that the

walls of the working section be clear for obsérvation and
photography,. and that 'the channel be open and accessible for

méasureménts and manipulation. For the first two

.

‘congiderations clear acrylic sheet is the material of L

choice, although wooden channels with glas®s. windows have
also been used. Obvioug benefits are smoothness, visibility,

strquthland ease of construction, eschially sealing. The

v

1 . . . . . o .
ease of drilling and tapping acrylic makes.machining easier

and allows for better fit than with other materialsa. Wooden

v

flumes have also been used successfully, offering benefits

Y
3

in cost, but are difficult to seal, and require the q'rnting

of glass or acrylic-windows flush wdith the inner channel

5 o - L
surface. Lastly, moveable instrument platforms should span
e v
the channel and at least one wall of the flume should be ‘

flush with the support to.permif photography at bed-level.

- ~ < of
Filtered seawater for the flume comes from Dallousie's

o

Aquatron (Balch,1978) at a“consqéntqdelivery rate of 450 1

o
A -

3 - . . Y # .
min~1, This is sufficient to maintain a constant flow rate

- [

0f 30 cm 58! at 7,cm depth and obviates the recirculation of

. . N
flume water, greatly simplifying flume design and | s

before entering a 500 I capacity head-tank with anuoverflob .
pipe to maintain static pressure upstream (Fig. 1). The .

g ‘ . N *:

&
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9

! )
inflow to the tank can be fitted with a 62im plankton net to

remove additivpnal particles. Water exits the head-tank

~ -

through a twin-valved ABS plastic manifold, into the flume

turbulence chamber. A flow-through flume which receiges
filtered seawater is critieal in organic resuspensid¢n or

; -

deposition experiments because the flume water supply does

not contribute to the particle load.

o
» 1 -

Entrance and exit conditions
Both the entrance and exit conditions are important to

‘ ¢ & :
development of the flow. At the entrance the primary concern
. , .
is to dissipate the large-scale turbulence produced by the

[
+

\ .
pumping (or other) water supply system. The pumped water is

ihtroduced through a perforated manifold into a combination

of baffle elements, cdlled rectifier grids, just before the

v . -

entrance. Flow in the flume is rectified by several

Y
v

thicknesses of nylon furnace baffling and a 10cm thickness

° ¢ ¢ -

of %5g}pa£§ﬁ"industrial lighting diffuser. Any installation

requires time and testing to develop an efficient

&
combination for a variety of flow conditions, The objective

is to force the £low into the channel with a uniform

t

/
velocity distibution in both the lateral and vertical
/-
dimensions, allowing the boundary layer to grow with

.

distance downstream. This can be checked using flow

%

a

~

visualization (see below).

ke 4

-

"+’ The exit conditions, along with supply rate and channel

.tilt, determine the depth of flow. The flume containas both a

-
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simple slotted weir bracket and an articulating vaned weir,

& e
? i Iy

operated by a stepping motor, which allows precise .

positioning and good position-holding torque (fig. 1). The

vanes can be rotated in small’increments. Accurate control
of flow is essential when determining critical erosion

velocity of sediment ‘and detritus.

Fluid engineering texts (e.g. Roberson & browe, 1980;

|Streeter'& Wyiie,.1979) present equations for the

calculation of flow depth for- 'specific channel and flow

characteristics. If relatively slow.but deep flow is.
1

degired, it will be necessary to impede the flow at the
exit. The simplest way is to use€ a sharp— edged weir

spanning the 'channel, as in the Dalhousie flume, producing a
&

"backwater effect”. This forces the water to back up’ add
flow over the weir edge, with disruption of flow streamlines

for some distance up-channel. In addition, there will be a

water surface "dropdown" extending upstream. Engineering

texts recommend making flow measurements at least 5 weir

.

depths upstream (Streeter & Wyllie, 1979) to ensure

+ v . /"

unaltered flow. If a slotted bracket is cut into the channel

walls, weirs of differept heights can be inserted to - -

Y

maintain a specific depth of flow. A variety of alternate
desighg, such as articulating vanes, perforated plates wor

variable width slots have also been used in place of weirs.

* v

In any case, onel should allow enough channel length so that

measurements can be made in a fuily deYeloped boundary layer

gsufficiently far upstream of the exit conditions to avoid

‘ — - -

ey [
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their effects. . .

Flume geometry )
4
In addition to the coptrol of flow velocity, an

3
important concern in designing a flume is boundary layer
development. For the-range of velocities anticipated there
’
must be sufficient length of channel to develop a boundary

layer of workable thickness. Vogel (1981) has emphasized the

S
)

inverse relationship between the Reynolds number and-

v

boundary layer thickness; both he and Schlichking (1967)

>

“present formulae for this calculatijon as a function of

downstream distance from the leading edge (flume entrance).

Nowell and' Jumars (1984) have discussed the implications of

.
13

this for ecological work such as settling plate experiments.

In straight channels thé flow is, usually driven by the

N .

-1 . .
energy available from the water height differential between

» I

"the upstream and downstream ends: This differential is often

4

augmented by tilting the flume. For ‘critical measurements of
+

>

bed shear stress the ideal conditionis for the flow to be

A

"driven biﬂfiltfag so that the water depth, thus the pressure

.

distribution, is %qual along the length of the channel., This

N
PR [ . .

point is not of sufficient importance to biologists to
. . ron )

» '
A

warrant the- trouble involved.- What is to be avoided.is

]
"adverse slope", where the channel exit is above the

> i
o
entrance (Chow, 1959). ’ ’ .

£ N

?
s The fact thaﬂ:boundary layers ,develop on both the -

channel floor and sidewalls means that to avoid flow

artifacts, channel width -and wall ‘smoothness? are crucial

o
»

@

I

8

"
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- ! v. ¢
concerns. Calculation of wall boundary layer thickness is

not straightforward, due to interactions with the bottom and
< a

the free surface. Recommendations'for the ratio of flume

Fl o

width to boundary layer thickness (or flow depth.if the
e ) ) , «
boundary layer intersects the free surface) vary from 3 to

greater than 10! Nowell and Jumars (1984) suggest that the
ratio must be greater than 7, although most workers seem to

take 5 as a minimum ar&lue. The'only systematic study of

©

flume wall effects (Williams, 1970) cancluded.that -width had

very Jfittle effect on the relationship® between bulks £flow and

.- e

! sediment trgngppr/; but that narrow flumes produced |

.

significant artifacts in bedforms. He did not address the’
/7

effect of width on the shape of the velocity profile. The

a

35cm width of the Dalhousie flume allows a maximum flow

depth 6F 35cm for most work, while the 20 cm wall height

allows greater depth at slower flows. Narrower flumes,

o r

.especially smooth-walled ones, can still be of 'use but one

fust ensure that the bottom,boﬁndary 1a§er has developed in

-

an unimpeded fashion (e. g.[Eckman & Nowell, 1984). Some
workers (Wildish & Kristmanson, 1979, 1984) . have.flared ihe
™

channel walls with distance downstream to provide more free

a

bottom area, ‘but this presents problems due to flow
¢ ' e
deceleration; the bed shear stress will change constantly

» L]

_ down channel -becaugde the boundary layer never reaches
: ¥

equilibrium. This was of fittle concern in their-work, but

~

it should be avoided in work involving sediment transport.

f

-



Working section -~ Y

~

The primary concern of a benthic ecologist 'using flumes

=

. ]
i.s to be able to maintainorganismsigrplaceintactfield
cores in a controlled flow.,Rhoads et al. (19f8) used an

.
\

irigenious arrangement"in a-small closed-channel flume, -

whereby part of the channel was a removable, diver-deployed

»

corebox. The working section of the flume constructed for .

* » -
PIN

the present study consists of a 25 X 25¢m corewell ig. 1).'0

0y

[y

positioned 2.25m downchannel (far enough upstream of \¢he

.

,exitlto experience undisturbed flow), which accepts an 18 X*

o

'18cm boxcore. In the field, the boxcore is inserted iqto the

sediment, the surrounding sediment excavated, and a bottom v

2

plate secured in place with elastic bands. The corewell in .

the fitme has}an adjustable false bottom to accommodate

variation in core height. Once the boxcore is in the

~

corewell, the flume can be filled slowly allowing gentle

~r

filling of the-core. At this point the sides of the box can////—

be removed leaving an undisturbed sediment sample. This
1} . °
technique is ideal for work with ripples, tubes, fecal

I3 [

mounds, etc. The grain roughness characteristice of the core ™

can be simulated by spreading a thin layer of ashed sediment
B ! .
upstream. For other studies the corewell cah be covered with

9

an aerylic plate, converting the channel into a planar bed.
* -

-

Flow measurement /

4 ®

The Theory of Near-Bottom Flow . ‘. e

i

There are two fundamental consequences of living at a

solid-fluid boundary that differentiate the benthos from the
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plankton. The first is the presence of ,a-substratum

~

providing physical support and gedimented detrital particles
serving as a c¢oncentrated food source. The, second is the
<

existence of a rear-bottom velocity gradient,. the "boundary

L

layer", wheie the drag of the bottom retards the fluid for
some distance above the substratum. The velocdty diminishes °

to zero at-the substratum. Within the boundary layer, the
N >

° 7

differential velocity produces a shearing force or shear
strese which resuspends and trdnsports sediments and

organisms. Differential re-deposition of particles results

- ° o

from hydrodynamic sorting of organic—-rich and inorganic

sediments. The near-bottom water chemistry, microbial R
environment and pore-water conditions (Berner, 1974; Jumars
& Nowell,1984; Jorgensen & ReYsbech, 1985) will also reflect
the effect of this shear oﬁﬁth? bottom. The relationship
between bottom.shear stress and near-bottom velocity

gradivents. is outlined in/éhq derivation of tlhe logarithmic ~

Y%

velocity profile (equation 4, Chapter 1) in Aépendix I.
Roughne;s of the boundary plays an important role in
détermininé the shape of the velocity profile. If the bed is -

flat and’'of uniform grain size, thez, term typically

represents only roughness that affects the flow through skin

friction drag, e.g. viscous forces a®ound sand grains. :This

~
- .

is also the easiest gituation to handle in flumes. As the

"roughness elements" (such’ as pebblés, fecal mounds, worm
D 1

tubes, etc.) get larger, and farther apart they start to

affect the velocity profile through form drag in addition to

-
¢

°

s 6
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skin friction. This”wilf also be reflected in the value of

N

Zq and the observed profile will actually be a composite of

o

the two effects (Arya, 1975; Chriss & Caldwell, 1982; Nowell

& Jumars, 1984). This complicates the calculation of bed

’ .
.

shear stress, as it is theoretically due to-'skin friction

-

aloné, Local flow effects be@ome more complex as the

-

diversity of roughness increases, with flow separation,

horseshoe vortices (Niedoroda & Dalton, 1982) and internal

A} '

boundary 1ayeré (Paola, 1983, Paola et al., 1986) forming in
the lee of-objects. For the details of these flow patterns
see Taylor and Dyer (1971) Middleton and Squthagd (1978),

Paola (1983) and Eckman and Nowell (1984). Although

-

individual roughness elements direct flow towdrd the bed and

prombte scour near them (Eckman et al., 1981; Eckman &

H
s

Nowell, 1984), their main effect on the mean flow is

g -

turbulence farther from the bed. At certain humerical
densities the lnteraétion,oféghe turbulent wakes of
individual roughness elements causes new flow patterns to

emerge (Nowell & Church, 1979).

Methods

-
LY

In the course of my flume studies, sevgzal‘simple,
inexpensive &pproaches to sampling and calibration problems

were developed. Some have since been superseded by more
technical approaches, but the value of simplicity makeg them

worth considering. The simplest and most intuitively

satisfying approach to quantifying fluid flow is-to add dye

et
3
3
»
1

4]
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or digcrete particles to the water and follow;their paths

along stieaklines. The assumptions in this Lagrangian

o o«

approach are that the particles have the same momentum as

o Lad

the fluid and, if they are gmall, that they are nearly

- °

neutrally buoyant. If highly turbulent flow is required,

- 2

turbulent diffugion will make the markers difficult to

- follow in addition to requiring many more measurements to
’
a 4

extract a reliable mean value, Several dyes (red food

B}

colour, potassium permanganate, fluorescein) have been used

’ A . » [ 9,
effectively in flow visualization but care:must be taken to

match the~buo§ancy chdracteristics of the dye and the fluid.

Dilute solutions (or suspensions).maintained at flume water

l

temperature are most effective.

-

! A simple arrangement for visually measuring vélocity

profiles involves mounting identical transparent grids on

opposite sides of the flume and suspending a pipette full of’
. j .

v
.

particular height is measured by releasing a drop of dyg/

dye above the center of the channel. Velocity at a

just upstream of the starting mark on the grid, then timing
it as it travels the length (10 or 20 cm) of the grid,

ensuring that it remains at the same height. Runs are

repeated until enough replicates have been obtained to give’

a reliable mean value. The method is tedious Put accurate

for mildly turbulent flows up to 10 cm s~ 1, Care should be

- ° .

taken to ensure that there is no cross—channel transport.

Vertical -resolution depends on channel width, but it is }
uaually‘acéuratg to within 2mm. A typical velocity profile

.
"
IS



taken by this method is presented in Fig. 2. The log-linear
regression coefficient is 0.999 for the points in the

logarithmic layer and calchlations with Eq. 4 (Chapter 1)

- «

indicate that ux<0.05u, typical of fully developed natural

[y

bouridary layers (Tritton, 1977). "'
» Thermdistor anemometry provides a means of quantifying

flow patterns at emall spatial scales (Comte-Bellot, 19Z6).

N 4
a

. 2 [ » 9 ° - -
Thermistors have a coefficient of resistance with

\ 3 v

temperature of about -4% (°¢)-1 (Horowitz & Hill, 1980),
thus their {ncorporation ¥nto the apropriaté circuitry can

© .

be used to measure temperature and convective cooling of the
4 .

thermistor e}ement as a function of flow. Steinhart and Hart
(1978) and Benne o(1981) have tested various higher~order.

fitting echemes for the relationship of resistance vs

0

5]
temperature for oceanic applications.
13

In the most common applications the thermistor is used

as avariable element in a voltage divider or a resistance

bridgé: The pJ%er dissipated in the thermistor méintains its
temperature"ag quAOOC above that of the fluid. The ‘ N
thermistor's resistance is known through cdlculation from

N » .
t@; circuit output. Due to variation in the thermal bou&?ary
layer around an individuél gensor, each must be calibrated,
payiﬂg atjention to the ££ermistor's angular response.
Glass—tipped thermistor "beads" are availahie in arvariety
of shgpes. with tip diameters 25 small ag .02 cm (Chriss &

Caldwell, 1984a). Detailed reviews of thermistor anemometry

can be found in Compte-Bellot (1976) and Guat (1982). Vogel
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f’ 4

(z), taken in the flume by flow v

a

streams. The linear regression of velocity on log

S

Figure 2: Profile of velocity-(uz) Vsjt:ight’ab°ve éottom

izualization with dye

(height above bottom) &ields a regression coefficient

of 0.999. Boundary-layer thickness in this case was 3.6
- \

em and ux=0.20 cm/s. The procedure i's described in the

&

text. *

f
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‘registor b%idgeqsircﬁit, ag well as names and addreses of
- L. ¢ 4

. : . . . .
thermistor film, gives a more direct measure of the shear

‘ §

. . .
. P . ° 41
2 “ ~ - s

o+

(ﬁQBI) prov{des a &es%gn'fgr a temperature-compensated
. 3

~ *

o . * -

suppliers. Anhanglbghps,metho¢h using:a flush-mounted’

s

PO - a

o ..
stress.at the bed and has been used for measurements of
I3 v N N

localized shear stress (Paola, 1983). This must be done wi

~
il

care, because sedimentation quickly alters the thermal

< .
5 ' a ’

5

.t a% .« o ) . g
conductivity of 'the sensor and affects its calibratidn,

Although the compdnents needed for thermistor

o
¢ N .

anemometry are inexpensive, calibration can require

substantial time and~effo;t. Numpréué schemeg exist, from

s .

-

bptically monitored ‘rotating tébles to variable speed
?

’

lathes, to move the thermistor through still, unstratified
[y . . . 8
water at a known speed. We have found that the most suitable®

2

alternative is to mount the thermistor in a pipe through

v

which water i3 run at a known velocity.

3 - a

v

This can Be done either in a turbulent flgw, where the

» e

pipe flow is measured:by timing dye pulses gés described

e L4 L

above) or, as Vogel (1981) has sugpestéd, in laminar pipe

flow. Vogel's method ‘allows use of the Hagen—-Pouseille

v - Ly ' *
i

equation to calcuggte the velocity at the centerline from

the discharge, rate. The trick is to establish laminar flow

in a pipe ©of large enough diameter that the thermistor will

4

4

not impede the flow. Since the onset of turbulence is

predicted classically to occur at Re>2000, a 1" (2.5% cm) -
g

digmeter pipe limits laminar flow to velocities under 8cmqs‘}

Fortunately, methods for extending the range of -laminar "4

' . . .



o

°

flow are well known. It is commonly possible to maintain .
° Al a »

s -

laminar flow up to Re's of 12,000 using a modified version

- s .

o x . A -
of Osborne Reynolds' pipe flow apparatus (Fig. 3), which has

been incorporated into the flume laboratory. This is done by

- @
a

baffling the supply input torreduce turbulence, flaring the
43

o
.

inlet of the calibration ﬁipe ahd using a long enough .

smooth—-walled ﬁcrylié pipe to develop a fuily;l&minar

profile. The flow jcenterline is located from the thermistor
- » ' ’

output signal, at which point the signaf and discharge rate «

are recorded, Disgharge is measured with- a stopwatch and
. . )
graduated .glass cylinder.s The procedure is repeated through

a'range of velocities at the same temperature as tha flow in ,

the flume.

Data Logging and Cohtrol ' -

Although thermistor measurements of velobcity profiles

o ¢
' 3
can be read from a voltmeter or strip chart recorder, it isw

much more cornvenient (and accurate) to use an electronic

data logger attached to a microcomputer. A Nhumber of very
& i K
inexpensive data-logging and micro-controller boards are

(3

available, most with resident versions of high-level

computér languages (Basic, Pascal, etec.). The flume

laboratory at Dalhousie uses an Octagon Systems .

~

(Westminster; Colo.) SYS-2A board through the serial port om

¢ .
vl“ -

an Osborne 1-B microcomputer to integrate, digitize, store
- ; )

.
"

and procesg thermistor data (Fig. 4).

Confidence in one's estimate of ux increases with.an '

Q

+

increasing number of measurements made within the log layer ) {”
: :

1}
a
Y -
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Figure 3: Reynolds apparatus<for thermistor calibration in

-

]

LY

N

.

laminar pipe flow. The arrow depotes the direction of

43

water flow. Water from the flume headbox enters through

the inlet (i), passes through the baffle chamber (be),

2mm mesh Nytex screen (s) and entrance chamber (ec)

Al v

before entering the flared inlet to the clear acrylic
pipe (p). The thermistor is inserted -into the pipe

approximately 2.5 m downstream of the pipe entrance.

Y

4
"l

9

The total length of the baffle and entrance chambers is

°

30 cm.. The acrylic calibration pipe is 3.3 cm in

diameter (o.d.). ’

)

v

-
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fﬁgure 4:‘Schematic of data-logging and control asystems used

with the Dalhousie flume. See text 'for details of

v
’
© o

operation. A/D denotes analog-to-digital converter. OBS

denotes the optical back-scatterance instrument. Arrows

'

indicate the direction of flow of information.
Logn 0 "" 3
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.

(see Appendix I). In the compressed boundary 1ay§§ n a
© T

flume this means making measurements.-at fine spatial scales.

.
< o i

This can be. done with a micromanipulator or vernier ‘gauge. A °
; o .

]

more &ccurate profiling sysStem consists of a %ovable oot
carriage regulated by ; lead screw and stepping motor (Fig.

4). This system allows vertical steps of O.lm& w@iéh ¢an be
pre-programmed on the computer to produce automated velocity
profiles. Some.companies provide ready-to-run controller

boards, although the cost-ig high, often twice that of the

&
separate components. .

Other velocity methods, ) .
. Various electrochemical techniques are dvailable Eor
measuring vel;city, but most involve using fluids toxic to
organisms (see ngel, 1581). The most benign and widely used
is the hydrogen bubble génerator. The application gf a5
Volt potential to a very gine cathode wire in seawater will
produce bubbles small enough t;‘be nearly neutrally buoyant
yet still be visible., Wildish and Kristmanson (1984) used
this technique by timing how long it took the bubbles to
£fill the gap between the anode and the cathode. Other -
visualization techniqu;s used with~bioiogica1 gystéms
include milk and denatured egg album®n (Carey, 1983).
\Mechanica{ methods such as miniéfﬁre cup aﬂémometerg
and deflection of buoyant objects have been used

occasionally (Young & Southard, 19;8). Neither provideﬁ\good

spatial resolution. A Pitot tube and manometer.provide a
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simple, compact system for directly measuring the, dynamig

1
'

pressure (stagnation pressure-static pressure) «t a point in

[

the flow. As long &s the flow is uniform (parallel

streamlines), steady, and there is:no substantial change din
B - ¢
. .

4 . ’ [3
surface slope between the two pressure ports, the method is

’ rea .

direct and accurate at high flow rates. The velocity is
obtained by applying the Bernoulli equation; its preéiqion
will depend on how sensitive a jnanometer is used.

Although' fine-tipped thermistors disturb the flow

4]
relatively ljittle, some devices are totally non-invasive.

The most elegant is the Laser Doppler Velocimeter (LDV:

. _ = .
Penner & Jerskey, 1973). Another non-invasive technique is

high-speed cinematography, provided fine tracer particles

(e.g. hydrogén bubbles) are already present/in the flow.

’

Using this technique in stereo photogramgé@ric configuration

N -

allows 3-dimensional determination of particle paths and

) -~

flow but data analysis is time consuming. For a non-

biological example of its application see Kent and Eaton

.

-

(1982).

Suspended sediments

Some problems require knowledge of the concentration of

N

suspended particles in the flow, either as a bulk
concentration or as a gradient. The equilibrium

concentration profile of particles of a given fall velocity,
. . 1

®

Wg, is given by the Rouse equation (Vanoni, 1946; Raudkivi,

19763 Middleton and Southard, 1978: Nowell et al, 1981). The

-

specific form of the equation and its relationship to the

iy

v

[N

.
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1} l

. . . ; .
horizontal flux of seston are presented in Chapter 3. .

: . :
. ) )
Methods . B e
°) A'major advantage of a flow—-through flume is that

particles can be introduced into the flow. Particles e

©

‘supplied-from “a caf%oy of concentrate (e.g. phytoplankton)
are mixed into the ﬁ;ume manifold‘using a peristaltic p&hp.

+

This allows upstream—downstream comparisons of particle

.

load, studies of deposition to the bed, or determination of

* uptake by organisms. The most straighforward approach to

o
[y
v

sampling suspended sediment concentrations is to aim a tube’

R B s -

into the flow and remove sediment—laden water (Downing et

M 4

al, 1981; Nielsen et-al, 1981; Nielsen, 1983). Although few

r

studies (Vanoni, 1946; Wildish & Kristmanson, 1984) have

-

attempted to match the velécity at 'the .sampling tube (Us) to

the velocity at that height in the flow (Va), large

a

deviations from *isokinetic sampling will cause serious

«

artifacts in estimating concentration. Vanoni (1946)

4

gsuggests that Ua>Us will overbias the estimate while Ua<Us
will underbias it. However, W.D. Grant (pers. com) suggests .

that matching velocity at the sampling tube opening to

within 507 of the ambient flow velocity will avoid serious

- -

‘artifacts.

°
i

A siphon sampling arrayuhas been used;iri the'flume

v
.

during this study to sample concentgation gradients of

v o, ~

natural sediments in sugpension. Isokinetic sampling is

maintained to within 25% of the ambient vglpcity.’and a

“ -

L5 _
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- constriction fn th%e -tubez and conduit, (teflom tubing)

- \ . Sl - vt

T - P “ v

row

* -~ ) - * A - » *
compresses streamlines to accelerate the flow and minimize

" - . . “ .
settling in the *lines. A concéntration profile of matural. .

o

t

organic-mineral aggregates obtained w#th this method, is
o LI - ¢ - @ . e
4 = B \ »

. presented in Fig.: 5, showing a éﬁBst&hti@l ggadignt

- - - . .

increasing toward the ‘bottom, as_ would be-predicted by- the™
- - Al - LY

- N .

3

Rouse equation. e —— =y A S . ) . A
L . g ° ., “ Y
v - a ‘e

Various: optical devices can be used to measure
« o n e

-

- +.suspended,sddiment concentration. Mounting a transmissometer
< * -

. . .
§ 1 .

. on tHe outside, K walls. provides«a non~intrusive approach, but
o q - » P o ‘

= .
o : e A -

- - > ©
u <
wt w

© - . S, Y . )
it suffers from sensitivity to’ 'foryaxnd light”scagteggng by
' s ‘ ¥ AT T - B ,

» L » »
bubbles” and the integration of effects,gcross the width of
- W o= ® y -~ -“ 4 « ‘ y ™ s

. 2 g
-the channel. including.both walls, Ah Qptical Back-

- ] M -~

- - Scatterance .Senspr (OB des'cribédin Downing et al. (1981)

' -~ o %5 - . - 4 ' "
is now a-part of the flume instrumentation at Dalhousie. The

- . ’

4 & - P PO - 1
back-scatterancp of.a small vdlume (1.3 ml) of water,is '

- . »
% - [ v

. measured at rapid rates._

hd Al

- . v Y a

‘scatter angle, Mie-scattering theory cannot be applied, spo

-
= - ~ .

o . -the instrument must be calibrated with suspensions of the

« & - 4 -
N -

.sediment being measuted. The instrument is sensitive to both

.
~e 3 -

organit and irdorganic suspensions down to concentrations of

-~y

~ .-s\
. -a few-mg 1-3, Tt can be used to detect resuspension from

v oo
- »

. cpres or particle removal in upstream—downstream .
s T
! comparisons. Test calibrations of the OBS with glacial clay#

as well as beach sands yield highly linear calibration

o #M’//,{fcurves, but the slope and y-intercept are both sensitive to

»

flocculation effects.

P -
\ I »
L

v -
* < ' -

Due to the  poorly defined back- |
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Figure 5: Vertical profiles of velocity (Il). suspended

! .
partagglﬁxe'matter (SPM) concentration (()). and

horizontal flux of SPM (A) for a single flume

experiment., The velocity and flux curves were fitted by

a

eye. The concentration curve is a least squares
. regression (r=.9096). Water depth was 9.0 cm.
Boundary layer Eﬁ&ckness was 4.5 cm. Deviation of the

7 cm velocity point is due to surface acceleration

Q

- - . » - 0 . ¥
from air conditioning currents in the laboratory.

The dashed portion of the velocity curve represents the

logQiineaerrofilg‘(r=0.9976) extrapﬁlated downward to

I

the height of the cal@tulated viscous sublayer

o
o

(6vsl=12V/uy=0.5cm) and a linear profile extrapolated,

from there to the boundary. $

9
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Alternative methods

More complex and expensive equipment such as the LDV
which be used to measure concentrations of suspended

material. Another technique used successfully to measure

suspended particles is acoustic backscatter. Orr and Grant

P

(1982) have demonstrated that this technique can detect

single sand graine in suspension over ripple beds and Orr

and Rhoads (1982) demonstrated its utility for profiling the

1y
P

top 2 cm of surficial sediments. -However it requires

© \

sophisticated, expensive equipment and skilled technical

help.

Alternative Flume Designs
In contrast to flow-through systems, a wide variety of

recirculating flumes, from small, annular channels (Taghon

et al., 1984) to large "racetrack"-shaped flumes of 10 m

4 R e d
length, have ‘been used in biological studies. Recirculation

saves water), a practical concern where large volume supplies

are not awailable.

o T

Driving the flow in recirculating flumes is complex.

Taghon et al. (1984) used an’ annular channel of 1 meter

[

radius and 10 em width to study fecal pellet transport and

i
°

breakdown. The flume was kept level and the flow was driven

by the motion of a surface friction plate, in turn rotated

-

by a hydraulic drive in a separate, inner channel. This

u

‘method allows essentially infinite length for boundary layexr

development while not forcing the water éhrougb a pump,

-
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which could destroy particles or organisms. Its
P

°

disadvantages include the development of 'a surface boundary

o

“layer, complicating the flow pattern, in addition to other

v

flow artifacts common to curved channels. Vogel (1981) .
‘presented a design for an impeller-driven recirculating flow
tank which has also been used by Carey (1983). Apother way

of recirculating water is to use a large paddlewheel. This
1
\ o

moves‘lafge volumes of water but does little damage to

-

particles and organisms traveling in suspension. To minimise

".turbulence the paddle vanes can be articulated so the

.

pushing surface remains normal to the boundary. Becaugse even
the simplest form of paddlewheel requires skilled
b

construction techniques this method is usually reserved for

3

large expensive flumes.
The main drawback common to all flumes with curved
channels is the:dévelopment of secondary circulation
patterns. These are characteristically helicel flows which
vidlate the assumption that the log layer profile develops

two—dimeqsionally.nThis makes the calculation of bed chear

stresses from velocity profiles impossible. The usual remedy

in racetrack—~type flumes is to place baffles, by trial and
*
error adjustment in the curved sections of channel, before

the rectification step. .

/

# -
Further Design Congiderations

”

In experimeﬁts at high flows (e.g. ripple migration) a
flow-through flume of limited length may not have a full‘ﬂ?

developed boundary layer over the working section. Even with

w»
L

3=

—
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v
a

: fine-vertical positioning of a thermistor, it may be %

° Al A}
- -

.

* difficult to measure enough points in the boundary layer to

C TN : . < #
determine ux. Under these circumstances, free-stream

~

[ . o ~
measurements may still provide a vidluable indication of flow

< J

_strength, even though shear stress cannot be calculated.
+  There are many conditions under which any flume design will
be limited; as long as these ldmitztions are considered,

valuable experimental results can still be obtained. Even

o

- f . a

»simple observations on the behaviour:of organisms and-

’

o;ganic particles under normal flow conditions are sorely
- 3 . s

A} LA ¥
o
n

latking in marine benthic ecology.- ™ Tea

-

/f,} There are also several ways t;hat one can é‘i}nt‘: tQhe:
. b
thickness of a flume boundary 1ay§r.:g'c5mmon megﬁéhfor

> doing this is by "tripping" thé beuﬁdqr; 1éyer.iTﬂis is a”
technique that has long been J?éd i; studies with wiﬂd

< © — -

tunnels (Cermak & Arya, 1971) and it can be applied to

a o

& flume&QTheﬁtrag?ggis to yse-d roy of roughness elements,
ot \ N e » \
b
> o« (Bmall stones,eththat”ﬁp&E‘%he channel and greate an 4
N o ‘jj . —r e

internal boundary layer, much like that behind an isolated

n
° Y o .

‘roughness element (Arya, 1975; Paola, 1983). If the elements
»
: - are of appropriate size and spacing and are placed near the

entrance, the boundary layer will intersect the free surface

- * ®

.t

' RS fLY
.at come poipt downstream and the flow will be fully - .o .
developed from there on. The Yappropriate" size and.spacing
will de%gqéeoh flow speed ‘and depth and must be detezmined
"‘-\.o .J v

by trying different configurations and measuring velocity

profil'es downstream. % more complex device that shows

N

~e

.
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promise is the "elliptic weédge generator" of Ligrani et al.

(1979, 1983, 1985). It consists,of a set of<spires and a -

«

small barrier placed in the flow. Adjustment of spaciné and

°

height will affect the flow properties. The devigce has been
successfully used to create thickened qind tunnel boundary

layers with the same momentum and heat flux characteristics

. 7 .
ds in natural boundary layers. .

- ] -

. t
Flow rectification has already been discussed but an

additional point should be made. Depending on the

configuration of diffuser material, the flow'cbming out the

/

entrance may not exhibit a smooth surface. If visible

surface ripples or waves are present, they should be damped

&

wout to minimise their interaction with the walls. This is

% - td

most easily done with a short length of t‘hin plastic or

-

rrubba§ sheet attached to the entrance which is allowed to
: i

.o . .
trail several centimeters downstream on the surface.
/ .

ha g
3 7 .

1 3

Flume Application

o

Although simple in design, the flume designed and
constructed for the present stuéy has been used for studies
involving both bedload and suspended load transport of o
organic detritaliparticles. ag well as 'the stabili%ing

effects of microbial filme in binding suface sediments.

N

Grant et al. (in press) used the flume to control flow

over cores taken from Eastern Passage, Halifax Harbour. The

experiments showed-.several characteristic stageb of

3
* !

o
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3

erosional transport, explaining how .bedform migration could

taccount for the small-scale patchiness” of algal films

: . * . s . i \ . ! ‘
- t .
observed in the field. SEM mlgrographszéixgs\i:al and flume

samples showedothé bindirng effect of microbial extracellular

%
3

exudates (from diatoms) and changes in sediment

'3

micr9topography after erosion., Comparison of biogenic

binding effects on calm and stormy dayse indicated that the

l

: . . / ,
filme blave a significant effect on the exchange of organic

.

matter between the sediment and the water column. These’
studies are continuing with bacteriallfilmé.

- Experiments presented in Chapter 3 assess the role of
the horizontal flhxoo?ﬁgrganic particles in the ecology of
benthic suspension feeders. Modelling the vertical profile
of particle flux indicates that, depending on the relation
of particle settling velocity, shear stress and roughness,
the height at which/ maximum horizontal flux océurs may be

the bed surface or several centimeters above it. Flume

experiments with natural sediments show the same pattern,

N s

when flux is cdlculated from the product of measured
profiles of vﬁlocity and sediment concentration (Fig. 5)., At
high flow rates, suspension feeders must extend -farther into
the water column to maximise their food intake. Work

presented in Chapter 4 assesses the diet of a suspension-

\

feeding spionid polychaete (Spio setosa)- subjected to

changing regimes of flow and particle concentration.

@ v

Summary and Conclusions s
=

¢

"Flumes are essential tools for the quantitative study

T .
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@

of biologically important boundary-layer processes. Binding

2 <

by biofilms and erosion by tube-wake turbulence are only two

importaﬁt biological effects on sediment transport that have
been elucidated in flume studies. Small-scdle-feeding
studies as well as horizontal organic flux and the growth of
organisms are gasily controlle£ and measured in flow
channels. These problems, alongnhith many other studies of
érimary imfortance in quantitative ;grine bentgic ecology,
N
are amenable to imaginative new aéplicatioQS using flumesgs.
' The simplest design, that of a straigPt, flow—-through
channel, is ideal for studies‘of.erosion %}d depogition of .
orgaﬁip particles. Losses from o£ additions to naturalvcone
samples canﬁfe fqllowedqe;sily by changéﬁ in concengratioﬁ-«

¢
in the sediment and water colufn. When long particle .

.t

*

residence times or "infinite" bottom length are required, .-
P S S

e,

recirculating designs may be useful, but caution must bg‘ I

M

.
Al

A Y

» ”»
B ¥

taken to account for secondary circulation patterns.  »I.- o

i
. * ;o
, -

Simple devices are available to measure vel@citﬁuﬁﬁﬁ
. ° ‘ .'.a
suspended ;sediment profiles. Although'time—consuming=~they
a "
LTI B

1

are direct and require.no calibration. Inexpensive - T

[ 4 L.

technological means for velocity measurement and sensor

. -

* [

positioning are available, but they require more time to set

up and calibrate. Their advantages are greater précisidn ‘and *

T

ease of use,

et et e

> ]

I

Because the boundary-layer must develop, a channel pf

sufficient length is required if bed shear-stresses are to

v

be calculated from velocity profiles. Often, the design of
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-

the flume channel will be a compromise between length,

¢

* available space, and cost. Even relative measures of flow G

z
- . AJ

' may be appropriate for certain experiments, especially when
they are combined with behavioural observations. On€ may

also employ various tricks to create thick boundary layers

]

in relatively short lengths of channel,
4

As long as the appropriate dimensional.séaling holds
i
between the laboratory %pd natural environment, and the

*

operator remembé?%\EBA% he or she is creating a model of the
natural systq?, flumes allow unique opportunities to study
~“benthic processes. Their potential utility in the study of
physical probesses in bénthii ecology is undeniable, largely
because natural flows are complex and difficult to study

in the field, even with a battery of expensive and .

sophisticated equipment, Flumes offer the opportunity to
make detailed observations and measurements while -

controlling the speed with which water moves_through the

system, the turbulent stress exerted by the fluid on the

bottom, as well as the particle load. Important questions of

large-scale detritus transport and small-scale (organism '

.

sized) food availability are best addressed with this

.

~experimental tool. The measurements may be as simple or
complex as required, but they are repedtable and well
characterized, unllke/the situation in the field., Increasing

7/

use of this techniqge will continue as benthic ecologists
4

2 -

become more aware/;f'the importance of horizontal advection

in marine ecosystems. 3
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CHAPTER 3

TheGDyBamics of Near-Bed Seston Flux
and Suspension-Feeding Benthos
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A
ﬁ//( INTRODUCTION ’
b

\
~ = +
.

~ Few subtidal benthic marine environments attain rates

of situ primary production sufficient to fuel the

[+
S

/
observed community metabolism. Benthic detritivores are

generally forced to rely on advective sources for'their food

A

supply (Millerlet al., 1984; LaBarbera, .,1984) and thus are

R

dependent on the flwuid medium for transport of this’

‘
-~

material. Benthic sukpension-feeders are especially adapted

&

to the forces of drag and shear encountered in the benthic

.:

LY

boundary layer. Although these fluid forces disperse

N -

particles and create local gradients in velocity and
concentration, prior considerations (summarized in

a 1

LaBarbera, 1984) of suspension-feeding have made the tacit

assumption that the organisms take their ration from an

(4

essentially homogeneous medium, This idea may stem.froim the

*extensive study ofnpelagic filter~feeders which feed in an

-

o H -
s envi%onment where, atﬁlocal scales, the concentratifn of

food particles is considered to be uniform: Another legacy
- .
of the attitudes developed from plankton research 'is the

L

assumption that there is little or no differential transport

of the predator and prey items — that they are both

o

. suspended’in, and subject to, the same fluid forces. The

£

pAT— . 3 3

last point illustrates a fundamental difference in the
physical nature of the benthic and pelagic environments.

Suspension—feeding organisms anchored in the bottom may take

advantage of vertically settling material but primarily feed
~ % ¢ R

on seston flowing horizontally past them. Warner (1977) has

- !

/ EY

/o
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1 -

shown how the shapes of their feeding structures are often

4

adapted to local current conditions.

o
3

Recent attention to the ecological significance  of the

>

benthic boundary layer (McCave, L9Z4: Vogel, 1981; Nowell &
Jumars, 1984) has pointed out ph&t”the near-bed ;egion is
one of strong vertical ‘gradients of flow velocityvgnd

particle concentration. The significance of thig physical
! #

regime has been examined in light of.the reciprocal effects

A

of organisms, sediments and fluid acting to determine the’

grain characteristics of the bed (Nowell eé al., 1981;

N

Eckman et al.,1981; Eckman & Nowefl, 1984;: Grant, 1985}
Grant et al., in press). The consequences for depoésit

feeding benthos have been examined in terms of substrate

stability (Eckman et al., 1981; Jumars et al., 1981), but

algso in terms of the lateral transport 6f food particles to

d
A

an essentially sedentary fauna (Jumars & Nowell, :1984;
Miller et al.,1984). This represents a shift from an earlier
orientation that assumed an exclusively vertical supply of

organic materials (Rowe & Smith, 1977; Honjo et al., 1982)

a

to the benthos. The processes that laterally distribute and
. a

o

sort the material falling out of the water column are now

=~

seen to be as important a# vertical settling in determining

the availability of this material as food.

In thiégchaptér I describe and analyze the horizontal
p : ) ' »

flux of organic and inorganic particles in the near-bed- (0~

o

10 ¢ém) region, and its significance to suspension-feeding -

benthos. I wuse an analytical approach to the hydrodynamics

-

-

Al



o »

of particle flux and apply it to flume éxperiments using

L4
] ’

“ natural sediments. Finally, the feeding ecology of a tube-

¢ dwelling polychaete, Spio setosa, is examined in light of

the predicted flux profiles.- ’

1

Suspension—Feeding“Benthos;

Moy

»

I will consider here only‘those'organisms classed as

»

"passive suspenkion feeders" (sensu Warner, 1977 LaBarbefa,‘

1984), but the general approach will have relevance to all
benthic suspension~feeding organisms. Many brganisms,
previously consideréd as uniquely deposit—-feeding, are now

known to take at least some portion of their ration from

sugpension., The common tellinid bivalve, Macoma balthica,

takes over 50% of its food by suspension feeding (Hummel,

a
1985) while spionid polychaetes (Taghon et al., 1980; Dauer
et al.,1981; Dau;r, 1984);.dendrochirote holothurians and
ophiuroids (LaBarbera, 1984) have been observed using thq&;

' -appendages to inté}cept suspended particles traveling past
them, although the behaviogural d;marcation between
suspension- and dgposit:feeding may be problématic. as in
soée Amphipoda (Mills, 1967). Nevértheless, there is

/mounting evidence that many macrobenthic species may at some
! time take part og'their ration from suspension.
. ' As I mentioned in Chapter 1, Rubenstein and Koehl

(1977) concludéd that direct interception and inertial
impaction were the two most important mechanisms for

particle capture used by marine seston feeders, LaBarbera
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(1984) supports this contention. Taghon (1984) used scaled

<

models to look at palp orientation in spionid polychaetes as

-

a function of the Reynolds number of the flow. He concluded

\ .
that the fe%ang responses of spionids are adaptive and are
w e 1
i
the most efficﬁent possible under given flow conditions.
\ .
Again, this analysis assumes a uniform suspension of

particles. Inertial impaction relies on there being a

a

difference in the densities of the particle and the fluid

medium, The\density difference between seawater and most

l .-
organic particles in suspension is so small that the

particles eﬂseqtially follow streamlines and tend to be

o

+ | B B - A
diverted wiFh the flow around a single filter elegﬁnt. T%ﬁ
I ’ 2 /

greater mass and inextia of the inorganic fraction ﬁéany'

Qe

°

that they are less likely to be diverted, serving to //

increase their effective capture. Thus the hydrodynaﬁ}cs of

. y
filtering mdy work against optimal capture “of organiﬁ ‘
particles in a complex susg%ﬁsion. Any behavioural

adaptation that may minimize this effect should confer an
/

o3 "
3

advantage.

Experimental studies of the food supply to suspension-

feeding benthos hg;e looked both at the mass transport of
seston (Wildish & Kristmanson, 1979, 1984) and at changes in
.particle trajectory (Carey,1983) caused by turbulence near
the seabed. Wildish and Kristmanson (1979) c;nsiQered the
vertical flux of materi%%, augmented by near—bottom
turbulénce; Their concern was with large-scale effects

acting on popula%ions. They did not consider the vertical

L~

o~

[
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gtructure of the velocity or particle concentration fields,

or their effects on differential horizontal transport of

-
o
»

seston, ’

Vertical structure is important because it is the

product of the velocity aJd particle concentration fields
together that determine #he flux of material past-an
organism suspension—feed{ng at the sediment-water interface.

The shape of the flux profile determines whether the

greatest flux of edible particles occurs close to the bed S&

-

N —

somewhere above it. Consideration’ of concentration alone can

be misleading; it must be recognized that the interaction

“,
. o

with the near-bed current rdgime determines the

'

availability of thege particles to benthic organisms.

v

Particles that settle at different ;ates will élso behave,

differently in a given flow. It-is possible that -
s Pid

-~

N P
hydrodynamic sorting Wf%l result in the horizontdl flux of

a

suspended sand\grains being greater slightly closer.to the

3

bed than the flux of suspended large diatoms. A suspension-

r
.

feeder able to reach the extra centimete® or two into the

4 Fd
¢

water column would thus increase the quality of its ration.

> }

To investigate:.the_specific form of the flux profilé

over a range of flow Qénditiqns, I developed a model based

'3 - I3

3

S -

on the theoretical equations for two-dimensional velocity
. + 1

q " ‘

and particle concentration profiles. . o

“ i

MODEL DEVELOPMENT ‘ -

[E]

Analytical:

)

S

ﬁimensionally, the horizontal flux ‘of suspended

t
4 e

«

[N

-~
e G -

»
a

.

o
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particulétg matter is defined as the Mass per unit Time per
unit Area, with area in coordinates normal to the axis of
flow. Thus flux is equivalent to the product of velocity and

concentration. As we are concerned only with advective, and

not diffusive processes, time—averaged measidres of the

velocity and concentration profiles can be used to calculate

R, . Py
N L4 - o

the average flux profile. Theoretical formulations exist to
& 2 s ‘e

b} ] o

predict both of these quantities gs a function of the flow,

o

T —— o _.bed roughness and particle-fall velocity. This allows us to

o .
" a®

derive an analytical model of how the h§rizonta1 flux -

°
IS e

profile sghould fary under changing conditions.’ "
iy Velocity: .
S . -
'ﬂ : . The Karma?—Prandtl formulation of a logarithmic

= o

velbcﬁty profi%e was presented in Chapter (1) as Equation’

A o
»

(4). The sloge:of the velocity profile, and the shear-

\
generated turbulence in the bougfagy layer, is expressed by

) »

the shear velotity, ux. For a more thorough explanation of

o
e "

fﬁeég terms the Appendix, as wéll as Middleton. and Séuthard

,(1978), N&hell and‘Jumars (1984), or Tritton (1977). For the

-

oot - I
sake 6f analytical tractability, the existence of a viscous _

°
-

sublayer very close to the bed will be ignored. If present,

.- .it is generally less than 1 cm thick{so that its effect on
Idsy " .
this analysis is minimal. +

Concentrations: /
v L L4 -

Rouse }19375 first formulated a theory for the vertical

P » . '
@ distribution -of sediment in suspension Detailed explanations

,may be found in Vanoni (1946), Raudkivi (1976) and Middleton

v ) 4
B . . .
=
.
K

;

i
© 1

et
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\\\ and Southard (1984). It expresses the sediment,

J . . Cconcentratjon, C,, at a height z above the bed in terms of

N

T the ratio of the fall velocity of the .sediment, wgs, to .the

friction-velocity, ux:

Crn= Co (P . : 1 (5)
e,

L]
where C, is a reference concentration at height a above the

bed and the exbbnent p, teferred to as’the 'Rouse Number', -

is the ratio of wg to ux:

P = Ys/kua . .

°

/ » .

! The flux profile may then be expressed as a function of

Iy

height above the bed:
F, =u, * ¢ P (6)

Suﬂétituting equationgg(l) and (3) for U(z) and C(z) we

1
obtain: .

z

!
-

. " u
F ,=‘c,[(§)p'(7$1n§zl : (7)

Taking the derivative and setting it to zero yields an

expression for the height of the flux maximum for a given

sediment in a steady, uniform flow:

oF I
» . Oz z

a P~
(3" - gslngo(g{ =0

ar

i
-

Zpax = Zo exp[%]

e

o
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Numerical:

A different approach involves taking the derived

e
expression for the flux profile (E%uation 7) and examining

a4

"

it for a large range of ux, wg §nd Zgo. Fig (6) shows a
typical piot of the flux profile.:

The specific shape of the flux profile is dependent on
the vertical range modelled. Indeed, the flux will always

-

ultimately decrease with height as seston concentration

a

- decreases outside of 'the boundary layer and the, velocity
profilé»becomes uniform. P am concerned here only with the
near-bed region, somewﬁat arbitrarily defined as the ten
centimeters immedi;tely overlying the bed. This is the

>

region of greatest relevance to the feeding of estuarine
sgiﬁ}ﬁsion feeders. ‘ . '

To determine the conditions under which the fluf
profile a) increases toward the bed, b)increases away from
the bed, or ¢) is relatively uniform within the ?ehr—bed
region, the skewness (¥1) was calculated for each profile

modelled. Profiles ,where the flux decreases with dictance

from the bed~("bottom heavy") exhibit 'a ¥1°0,.thosge with the

£lux increasing with distance from the bed ("top heavy") are

“characterized by a ‘Y1<0. Fig. (7) shows the resultc of thig

"

analysis plotted in parameter space. The curve Hescribeg the

=3

combinations of ux, wg and z, for which ¥1=0, i.e. where the

b LS

3 \
"
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SkeﬁQ}ss degcribes flpx profiles calculated from {

’

Equation (5) and indicates whether the flyx increases (¥

~ ‘ / - :
<0) or decreases (1 >0) with proxiwity Yo the bed.
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flux profile is uniform. The range of the Rouse No. examined

hefe ig well below the critical value of 2.5, which defineg

the theoretical change from suspended to bedload

<

transport

(Middleton & Southard, 1978). Thus we are considering only

o
3

sediment in suspension. The result shows that, .over the

W

range of p=0.2 to 0.9 and z,=0.01 to 0.75 cm there i a

o

transition from "bottom-heavy" to "top—heavy" flux profiles.

¢

At lower values of p the flux maximum is above the bottoms

P

this is in fact generally true for cases where Wg<l0uy i.e. °*

for particles of relatively  low specifid density.

™ v

The, effect

of iricreasing the roughness of the bottom is to increase the

2

value of p at which the flux maximum will be found above-the

bed. Thus, as the bed gets!fougHer; heavier fractione of the

sediment wi11°have flux maxima above the bed.

cot Particles of different settling velogcities,

.

sorting. Equation (8) predicts that, in a seston mixtire

«

o

<
M

when T

exposed to the samk flow, will be subjéct to hydrodyamic

.

composed of mineral grains, organic-mineral aggregates 9

COMA'S), plankton and resusbended benthic microalgae, denser

-
o 2
”

particles wiel exhibit flux maxima closer to the

-

»

bottom ;han

*

) the less dense fractions. This also represents a sorting.of

“

poténtial food particles of differing quality. Under 'these

-

conditions,” a benthic suspension-feeder will gain an egergy

-

advantagéQ§§ in¢reasing the height above pottom at which {:

»

feeds. If g suspension-feeder increases the, organic portion

a

=)

.. water column, the energetié.cbst,of building and

N . ‘E' . .
of its ration by reaching another centimeter or two into the

maintaining

9

*
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-
4

a tube may well be repaid.

METHODS

La%oratory Experiments: ' .
' The experiments were run in the-Dalhousie seawater

flume, described in Chapter (2). Filtered seawater from the

e v - 1

Dalhousie Aquatron was:mixed with concentrated suspensions
{ 4

of seston (described below)fbumped into the flume manifold.
Flow velocities were determined in two ways. At low -

velocities (<10 cm g‘l)ldye pulses at discrete heights, above

v
'

.the bottom were timed along a 10 cm path (see Chapter 2). A

Thermometrics FP-14 thermistor in a bi-polar voltage :divider

u

provided fine-scale welocity resolution while a separate

Y

thermistor circuit measured the water temperature.

Thermistors were teﬁperature calibrated using the fitbing’

( .

‘scheme of Steinhart and Hart (1968). Velocity calibrgtioys . -

) o - ¢
used a pipe flow method, suggested by Vogel (1981), in the
apéaf%tus deshribéd%in:Chapteri(Z)- £n bcgpgon"SySQems sYs- *
2A m%grocoAtroflegxfn éerie; with an OsbsinquB . o
- ~N
A~m}crocompgter préildgd\da§a|loggipg ggd A/D génversion. Only

-

experimehts where the podndagy—layer was, fully developed
l/,,'t . “‘\ . . . .0 ,
were used for analypgis. The criterion for full “development o

s ° g
q ¥ .

was taken as.a value of ug (calculated from the measured .
f » t . )
velocity profile) less than, or equal to. 0.05 time§ the free-

. §tream velocity. This is typical of observed natural -

o e . °
" . 4 ” " .
- L3

. boundary iayers (T%%;qu,.1977). . -

b ’ \
Seston concentrations were gampled atﬁgix heights (1-5,

1 -
o s [

7 cm) using the apparatus shown in Fig., (8). The design - "

o . - »
- , N 7 /
.
. -
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agrees with suggestions put forward by the Inter-Agency-

Committee on Water Resources (1941). Glass sampling tubes of

‘ S

0.55 ¢cm diameter were mounted in an iyrylic block. The
1

leading edge of the block was beveled dnd the block was

gsuspended in the flume by a machined rod attached to one of

°

3
the instrument-platforms that span the flume. To ensure

N

isokiniffc sampling, velocities at the inlet of,each
sampling ¥ube were adjusted, Ey a Hoffman clamp on the Tygon
tubing, to match the flow at that height above the bed. In

practice ‘the sampling velocity was.set to 25%Z above ambient

“

to minimize‘*settling in the Tygon tubing that carried the
L .

———— - —— - et s o esmion e i ik .

sampled water to the six collection jars. A comstriction at

N

the rear. of each glass tube further aqcelerate§ the f;ow

a

into the smaller diameter Tygon tubing. These measures

worked well to minimize setfling in the lines, although the

A RY

lines were always rinsed into separate jars at the end of a

' b and [ia

flume run, and treated as 511 other samples Esee below).

Oﬁiy the slowest flume flow rates (free-stream velocity <

1.0cm 1) resulted in settling that required:correction,

and then omly for the 1 and 2 cm samples.

Samples were filtered through pre-combusted Gelman AR

glass fibre filters (1 gum nominal pore diameter), rinsed

with filtered seawater and dried at 600°C for 48 hours before

[

weighing., Filtered .seawater blanks were used to correct for

salt retention. Samples were also ashed at 5Q6°C for 12:

-

hours for bulk organic matter determinations.

o
’

e

“w
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Natural Sedimegts: -

N ~ 4 ‘
«

o . . '... /
,\ To determine the concentration and flux profiles of a
) ? e o .

i A}
natural seston, sediment was scraped from the top 3mm of/a

! » -

-~ > ~ 4
fine sand flat at Eastern, Passage, N.S., and rettrned gp the,
v « . N . [

laboratory. The, flat receives high organic loading from
. - u . . ' )
..Hhiifax Harbour and is also characterized by a dense

! .

“a : . . ¥ . . N g
infatina, the most conspicuous members being Mya arenaria "and

- N
17 s 3 . t

S. setosa. Gentle resuspension in filtered seawater and

.
B N 2 o

decanting through a 250 flm sieve provided,a concentrated

[
’

suspension. During an experiment sfirring kept the
0suspension even and ‘prevepted time-dependent changes in

- .~ concentrafion in the flume flow. This was tested by placing

an Optical Backscdtterance Sensor (OBS, see Downing et al.,

o o T

1981) at a.fixed height inm the flow.’ OBS out’put remained

- - ©

constant over an hour-long experiment, indicating a

concentration of 61.3 ‘mg 1-Y (calibration r2 = 0.98). 2

Due-to 1ength_1imitktions of the flune, flow rates had

-

o be gept low. This was done both to ensure ‘a-fully-

-

Y

'developed bounda;y,iayer énd to allow enough reqidence{time,

o 4

. for the seston distribution to reflect the hydrodynamic

, @

conditions, With an estimated effective settling velocity of

w 4 e

9

- 0.14 cm 5“1.-50 s residence time would be required for the .

s
. -

sediment to "clear! from a 7 cm water depth. With 250 cm of

o -

éhannel length aﬁailablq,°the ﬁaximym flow rate thgt aliowg

P

this -much residence timé is 5 cm s-l, Thus four éxperiments

- < ’ ,

,

&Y

e (approximately 4.9 cm s~1 maximul free-stream veloéity): To

- . . .
+ v x " o a )
v ‘ N -

. v R . -
- A1) 7’ , . .
LI M

were rin, at uxls ranging from 0.1 to 0.24 cm s~1 ‘ -
. © v L33 -

X
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.

fully adhere to the "equilibrium" seston distribution of the
] 2
Rouse equation, a channel length of 15 to 20 meters'qould be

requited. These experiments approximate the short-term

3

résbonse of the sediment-water system to upstream

5

-

resuspension, Given the dynamic environment characteristic

- -

6f shallow estuarine environments (distributed roughness,

< .

biog%ibation), the .experimental conditions may be more

representative than an idealized "equilibrium". .

An additional experiment was run at ux=0.22 cm g1l o

o
v

collect samples for SEM analysis. Sampfing tubes were run

o

o,
directly into a filter manifold and filtered onto Nuclepore

1 micron polycarbonate filters, fixed and carbon coated and

7
-

viewed on a Cambridge Autoscan Scanning Electron Microsco%f

at the Bedford Institute of Oceanography.

R - n

Field ‘Studies: ) -

- 8. setosa, obtained from Eastern Passage, were |

dissected to obtain gut. samples of recently ingested

] o -~

material. The animalses were-removed from }heir tubes as the

- 2’
" -

tide went'out, narcotized in 6% MgCly and returned to the
lab.withimr one hour. The. £dregut regio; (approximhtelya60 i
a 7 1)
setigers after the pharynx) was dissected and the con;ents
L€ .
perfused with filtered seawater, Sampleés %Frg stg;ed in 1%

~ 'S <

-

‘formaldehyde at 4°C until analysis. ] v o .

~ Samples were filsered onto Nuclepore polyester filters

*

(1 gm pore diameter)f.cleared with glycérol and examined at

200X under a Zeiss 1igh¥ migroséope. 30 fields were colnted

- °

for,the. particles in the categories listed in Table (1).

+ R
»

L4
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Ofily samples that yielded >100 particles in 30 fields were ’

"used for analysis. Some samples were treated with Hetzberg's
¢ g q o
Iodine stain after a brief acid hydrolysis.'The

o= f

polychromatfc‘stain is specific for chitin, cellulose and ’
/

-carbohydrate, “allowing differential recognition Bf OMA's and

o

[ . l
gut lining-sloughed off during the perfusiom.

In ‘addition to S. setosa gut contents,. samples of the

” .
. v

ambient' surficial §ediment were taken from .Eastern Passage. .’

o
»

A modified 1 cc symingéﬁyas used to core the top 3mm of

° [ 0

sediment. Samples“werévblaced in plastic'scintillation vials
< [

and preserved with 1% formaldehyde at 4°C. Prdior to

-
- . s

- & . . . - y
filtration the samples were briefly shaken, allowed 10

seconds to settle and decanted.” Due to the'amount of
L .o - . .

-

A -~
‘material present, only 15 1/4-fields were counted from each =,

o N

sample. Other details of analysis were the same as for the | -
N 1', : . ‘q
S. setosa gut samples. ) .

Although it may" be migleading to try to characterize g
&

poorly sorted sediment by a singlé fall velocity, the

concept of "effective fall velocity" has been applied to

B Vi
estuarine sediments by Kroné (cited in McCave, 1979). An
effective fall velocity of 0.14 .cm/c was establisched for the

Eastern Passage surficiaﬁjsediment after settling trialc in .

o

@a°20cm column in a cold.room at 6°C (to match flume

n

canditioné) and agreed well wih' the value of 0.15 em g~1,

“

determined by Krone's method (see Chapter 4).

An

e

n si

prastund

tu record of suspended particle concentrdtion

and $., getosa's feeding responte wac obtained during a.

@ ¢
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> a

single tidal cycle, using a Beénthosg Instrupents plankton -

£
EN ¥

L0 T TN .
silhouette camera. The instru%ent consistes.of a 35mm camera

- " a . hd

and datd chamber in line with a collimated strpbe, separated

3
7

y s

by & 4cm-wide aperture. The aperture is' flooded with ambient
water and particles. The .camera is usually éuspended in the

water column and triggered-on a pre—prograﬂhed schedyle. For

P

’ ce ]
this work, the camera was equipped with-a remote triggering -

a

control allowing a variety of sampling schedules as well as

esingle shot control. The camera-was placed in the sediment,

s . /

with several S. setosa tubes centered in the apertuﬁg and

aligned with the predominant lohgshore current flow to
* /
minimize interference. The camera was left in plage from
/ ’

slightly before tidal coverage of the S. setosa/patch, until
/

all wave action had ceased after tidal ebb. Thée shooting’ .

- /
sequence was set at 3 shots, 8 seconds apart, cycling every

a
’

two minutes for an eight'minute period. Thig pattern was

repeated every 16 minutes. In addition, manually triggé;ed

H
series of three shots were taken at approximately 1l5-minute

intervals, resulting in an 8 1/2-hour tidal record of over

500 shots. a

¥

RESULTS e
-
Flume Flux Experiments:

\ * . i

Figure (9) compares the model and flume results with

o ¥

e I .
Eastern Pacsage sediment exposed to a flow at ux=0.24cm s™1,
£ \ R

The model and flume results agree in general trend.” Exact '

nuierical agreement is not expected for two reasons: 1)for

1
'I -
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aiélytical tractébility, only the ideal, nén—depth-limited

-
v n

- forms of the velocity and concentration equationg were used,
N . IS : .
and 2) the physical assumptions behind the Rouse equation > -
[

7/

* {viscoug forces-unimportant; no inter-particle collisions)
o

3

. *fail to hold very close tc»$§é bed. How close "very close"

mdy-be is not specified by sedimentologists, but-presumably

/it is the region where suspénded merges with bedload
transport, within the firstlcentimeter above the bed. The -

form of the experimental curve at 7 cm is due to the

"

limitation of boundary-layer development in the flume. The

2
A3

experimental boundary layer-was 4.9 cm thick. This means

“ s

+hat above that height there ig no further increase inf)ow

- ~

velocity, so that ‘as the concentration continues to décrease

’ s

so does the local sediment flux. The model curve is nat

limited in this way (through the 10 cm height modelled),

o

although the same decrease in the flux would be expected
beyond the top of the Boundary/ layer. In the development of

his suspended sediment equation Rouse (1937) made the stated .

@

assumption that the boundary layer extends for the full .

depth of the water column. As the flux model is based in

o s

part on this equation, it cannot be expected to yield

@

reasonable results beyond the boundary layer. .Neverthelesks,. 7
the*qdélifative agreement ﬂetweep/theory and observation

supports our bagic uaderstanding of the ;hysics controlling

article avaiibﬁility to benthic suspension-feeders. Through\.

the range of experimental usx values (0.11 to 0.24 cm s~1)

with Easterd Passage sediment, the fluk profile went

~ - — . .

N -
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progressively from "bottom héavyﬁ to “"top heavy", supporting \

the contention that sediment of a given fall velocity (w

8) .

exhibits flux maxima higher off the bed as flow rate
4 L N .

.« - t
increases. ’ s "

-

.

A measure of the'"relative flux"™ was taken as the flux -

-

at'lem relative to that at 7 cm. The experimental results in

t

e

four experiments ranging from ux=0.11 to 0.24 c:‘fxg,:s‘1 aré
compared with modelling results in Fig. (10). Aéaan the
general shapgs’of the cgrves‘agree showing that, for
sediment of a given éffe;tive settling velgcityg increasing
the flow rate results in a shift frome"bottom-heavy" to
"top-heav;" flux profile. Conversély, in a given flow the
heavier (inorganic) sediment fraction will tend toward ~

"bottom heavy"™ flux profiles while the lighter fraction '

(organic andmOMA) will show a more uniform or even "top
heavy™ profile.

+ Figure (11) shows the SEM photographs of the types of .
material predominating at different heights in the flow at
ux=0.22 cm sjl. It is superimposed on the flux profile for a
similar flow (u*=b.24fcm g~1) and shows a predominance of .
sand grains and large diatoms at lcm above the bottom. At 2
cm large diatoms\are still predominant, with some smaller
mineral grainsg, sometimes bound into aggfegates. The 3cm

)

sample shows a predominance of large OMA's with some smaller

enmeshed diatoms. At 4cm and nesr the flux maximum OMA's are

still predominant, élthough smaller. Some terrestrially-

derived plant material is also evident, Although the latter
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otherwise. Thus tpefflhx
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or quality of the sest®ns in flux.

W d
»

°

(=3

)

i

IS

v

.

N
Spio setosza

£

The Spio setosa population at

L)

.

a

1

Fietd Experiments: °

v

\

v

-

~

[

@

-

-

<

. greatest during storms,

4 Y .
: sform—~tossed macroalgae.

falling tide.

~

1

-

5. =
ubo
seems to be coincident Wwith a maximum in the'd

1 would seemingly be refractory dnd of lirtle

Ll ' - N » 3 ’ . - ‘ i !
conspicuous, but patchy, with densities of up.to 750
' e \-' '!'

kenérationsjper year, as-reported by Simon (1967) fox

materid
nutritional value to benthic organisms, field results with

\

individuals per square-meter. Tubes often coalksc%aintg
- f f

small mounds ‘in,the densest patches.:The animédls have two

populﬁtipns in New Hampshire. Tube destruction is common and

A
4 ’ .
' ° © v b 4 .
s . A L) .
90 -
o ° - - s
\y ’ '
1] ) 2
’ . k4 ‘. “
. A - . '
mjaximum also .
‘
, ' ' s . -
o . -
rganic content a
” - _‘ v >
. .
-3 b 'g
! q
o . 7y
N » - -, 5
-7 A N ! -
v - ¢ 3 v 'y"
. : : c e
“ : H [ / .
‘. . . ' ) ,'/s‘ o
astern Passgage is 7 .
3 .
4
. i
RN
/ : .
S
- -t
4
‘
.primarily due to beach scouring by s
, - ]
at the surface, the tube oy
o

45‘"

inthe wave swach. The sanme

Ed

If broken
1

& &

2

i
!
,

'is gene}al;y rebuilt to its origfnal height in.24-48 hours.

PN
v . "8, setosa starts’ feeding immediatgiy after the tube is
1 v i L. -
covered by the incoming-tide, often holding its palps coiled
ehaviou? is, obgserved on the .
. 1

Gut analyses showed a surprising number of large plant

showed up in the guts of the worms. Initial analysis

osa

s

-4

N

k3 .
suspended strands to the nearby S. setosa patches and”they

cated that they were absorbed very quidkiy in the S.

gut, usually within 2-3 hours. In contrast, small

fragmentas., Locéliy abundant&tufts of Enteromorpha supplied
Wt >N



Occasionally tri-radiaje calcareous spiculeg - » P
. ' . “

N . “ \ - + : [N
. ‘91
, . N

/
twigs' or Spartina root fragments wetre.often found progecfrng+ﬂ “\
N 7
®

from the hlndgut when the animal was broken during sampllng. an

. A ~ . ' | L

. a ¢ - i ‘ ¢ . [y
(Porifera:Calcarea)ewould be found, probably after a storm 3h

had dislodged sponges and other epifauna from the deepe;

’ / o ! - “
channels. ¢ - v .

Ingested Particles: .

“

A comparison of ggut material taken from Spio setosa

. : . s ! . .
with material in the top 3 mm of Eastern Passage sediment is

Y
-

presentgd in table (1). Significant differences (p<.001, - .
\ . )

Wilcoxon Rank Sum test) between the gut and ambient samﬁbes x

occur in four categories of organic/inorganic ratios. In

-~
-

these instances the S. gggggg s foregut samples\Were aiways

enriched in organic-particled relative to the ambient
v o

sediments. Although it is problematic to éry to analyze
OMA's found in a polychaete gut, the aggregates were more: o
' ' 35‘

abundamt but similar in general structure, to those found in
s

the surfﬂcial sediment samples, This resu}t would Sertainly

v

be predicted from the modelling and flume work, Either they

were representative of natural aggregates or of the similar

handling conditions of the gut and ambient samples. Of -

4 ’

special ‘note, diatoms, which were abundant in the sediments,

s ’ ’ X '
were almost absent from the S. setosa gut samples. In light
’ & el 2 ' h d ’
of Sp#¥fi's observed non-selectivity, this may be due to 8pio ///
/ BN ' ¢

's feeding higher off the bottol than where the maximum flux .

of diatoms occurs, or to substantial binding (as reported by

-

Grant et al., 1986) of these sediments. In either case the e
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Tablé 1.

Al

>

Ratios of organic to inorganic particles from ambient

surficial sediment and gut contents of Spio setosa sampled at
The particle types considered are

Eastern Passage,
Organic-Mineral Aggregates (OMA), Benthic Diatoms, Quartz grains

Nova Scotia.

and Macro-Algal Fragments (Algae). Differences in median tested
by Wilcoxon rank-sum test.

) .

AN
. e ‘ - QRatlos_;E_______
Particle Types Ambient Sed. Spio Gut _N _P_

7 * N E-
OMA/MQuartz grains 0.73 1.69. 18 .001 -
gae/Quartz grains 0.04 0.58 18 .o001

3 L
Diatoms/Quartz grains &o.s;& 0.04 18 .o001
. ‘ . . 7
- ’ i “
Diatoms/OMA 0.66 P ,0.02 18 .001
¢ 2 il
SRR )
. .0 P ’ra
sty
L e
) .
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. . . IR
abservations.show th?tfgi setosa takes, dits ration primarily

1
o ~ .

) ’ » from suspena&gﬂ and not by deposit—feeding. The conclusion

‘ ~is supported by the.greétet;occumrengﬁgqﬁ"macroalgal and
4 AP AN -

$gefgfstrial plaqt fragments in S. setosa's guts than in the
%

.
a

sediments. The results of the in sity plankton camera

* F3 N 4

~

experiment demonstrates tbe’relevancé‘of this finding.

.
) . b
-

e 1

Plankton Camera:

.
03 * <
.
’

- . 4 ) a [ »
The plankton silhouette camera, illustrated in'Eisma et

~al, (1983), has been wsed previously to, photograph large,
. \ ; : k

. ,c:v\\
L

b

4
non-living particles in suspension (Eisma et al., 1983;

* . Kranck, 1984). Typical silhouette photos from the Eastdrn

- ‘33 N )

Passage series are presented im Fig. (12). Due to the size

'f : 3 “‘:: L\l - )
of the camera it was expe€cted that there maysbe distortion
- . .
of flow streamlines through the aperttre. whether there was

W a

- acceleration or deceleratfon of the flow is not known.
° N . Ry
. e, . . «
o . Occagional resuspension was observed and there was
+\  sedimentation within the aperture during the time serdies. |
. s ) o
« The sedimentation was due mostly to bedload fhransport at the -
‘ . @ : , .
@ . beginning of the flood cycle and was eroded away late in the
. - v

~ ¥

@

2 .« & « N
distorted, the long-period effects discussed below are
. . o
unaffected, ds was S. setosa's feeding résponse to the
AR LA s 8 ‘ )
material in *suspensjion. C Vo

. 'G“

) Analysis of the 8-hr tidal series.of plankton camera
? L4

. " R
photographs revealed the %irst pictorial evidénce of S.

, setosa engaged ,in suspension-feeding in ;itu (Fig. 12).
Eetosa ] 2o 22LB . ) ,
’ )

Secondly, theré is a periodic influx of large particles of

' . v~

v Pa—
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Figure 12: fIénké&h silhouette camera photographs, taken 15

.

‘u
'
~ ¢ N s -

) . . t‘
visible in/su7pension~fizding mode, while seston

min. apart during tidal series. At-left S: setosa is

.
1

e} .
concentration is low. At right, suspensign feeding in

N

. ¢ ’ . o -
high seston concentrations. . . .
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macrophyte -detritus in suspensieﬁ<kFigy 12, left), material

-
@

that is not found in surficial s%diﬁent samplesss S.- ‘Fetosa.
- . v - e FTy P I ee—————
“ - . 7 . ] » .

3

) . PNy -
can be seén actively *feeding on this and other suspended

» n -

materials, as is borne out by the gut analyses. Visual

v Wb
Al -

counts of suspended pa;tiéies at three ‘heights (Utl: 2-3,

and 4=5. cm) in the./photographs showéd‘tbat'particles larger

. N

than 90 m are pféost uniformly distributed above the bottom

if averageé er the tidal cycle, although lhe i;stantaneous‘
"pféfil; is var;ablé. Assuming a local uyx of 0.25-0.50 cm/s

(estimated from timed dye marﬁer measurem;nt o? the free-—

- .
s

v

~ A -

streaq)velocityL in the longshore direction, the flux of
N - A e >

[ - B * -
.this uniformdy distributed material would "track™ the

. °

L3 - - "' » » - 03
velocit rofile an® exhibit a maximum flux several
y P £ :

~ A

ceyfimeters abowve the bottqm. The influx of macrophyte .,

detritus has a period of-around two hours.

o -

The results of the deptﬁ*integfﬁ;ed particle .
»

|2

}Kfoncentrations are presen%ed in Efgﬂ (13) for all particles

+
. Y

i@rger than 90 pm, and in Fig. (14) for particles larger

. -

than 300 pm. They are presénted-as threé-point runniné means -

° T ' s K ‘ .

to gmooth the data. The distinct per@odihity in both- the
L ) " q4

greater than 300 gim fraction and the greater than 90 pum

fraction comes close to matching thé\gpprogim§¢ely 2-hour

a !

°
dominant seiche period characteristic J6f duter Halifax-

N o

Harbour (McGonigal et al., 1974). The relationship between
1

-
.

seiches and seston variability has been.discussed bj Kranck
(1980{} who noticed a similar phenomenon in Petpeswick

~
.

Inlet, Nova .Scotia. Her investigation.of'short~period (45

«t
s
s

%

-
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Figure 13: Tidal cycle time series of seston concentration,

.

measured from plankton camera photographs. A1l

’

particles greatet than 90 pm are represented. Three-

[

point running means were used to smooth the data.
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Figure 1l4: Tidad 'tiwe series of seston concentration,

e
//f// ‘measured from plankton camera photographs. All
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minute) seston variations concluded that they were seiche~

related, through associated changes %n turbulence levels and

- »
continual floc formation and breakup due to these changes. ‘

She also cited evidence of seston response to seiche periods

€
of 15-20 minutes in St., Margaret's Bay, Nova Scotia.® The

IS

ahalysis of the photographic record has been limited to 15- .

minute intervals and is too coarse to resolve stuch shdrt-

& .
period variation, ‘although it may well occur, It is

appropriate to the longey-period oscillation shown, which

was also observed while in~the field. This record shows that
r
larger aggregates as well as suspended macrophyte detritus

show a variation related to the dominant seiche period.
© - 23

°

- «
. A
e . y ot

DISCUSSION

@
@

Two fundamental consequences of tpe analyntical and
0 .

A - v°

numerical models are 1) the flux profile is variable and may

>
" o

increase or decrease with diﬁtance from the bed (éig. 7) and
2) in a given flow, the maximum flux of denser (inorganic)
particles ;vill occur closer to thabed than that of lighter
(organic and OMA) material (Equatign 8). Th; flume e
experiments testing (1) habe shown that the flux profile’
changes from "bottom heavy" to "top heavy" with increasing
values of ug (Fig. 10). -
The application of dymdgmic similarity in comparing the -

lab and field .situations demands that one recognize the

boundary-layer developed in the flume as a scaled model of

Biae

“ . o
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the naturally-occurring ‘one in the field. Imn natural
boundary-layers the logarithmic portion is generally 1imi€!d
to the loweT 15% (Grant & Madsen, 1986). The laboratory

boundary-layer was fully logarithmic to 5cm in 10cm of

9

never receives more than]fto_ll/z meters of water coverage
and is exposed,to a longshore current of between 2 and 10 cm
s~1l (estimated by dye stream) when fully covered. Allowing

for a 1 meter thick depth-limited boundary-layer means that

¥

the bulk flux maxima would occur somewhat higher in the

field than in the laboratory.

-~

- ’ 2
The uz=0.24 cm s~ 1 experiment incorporating SEM

particle analysis (Fig. 11) indicated that the effeets of

a1
>

hydrodynamic sorting proposed by qu@tidn (8) do indeed
occur. Although not quantifiable on the SEM stubs, visual
inspection of the sample series (1-5,7 cm) showed a
progression from large, inorganic particleé to emaller and

-

more organic material with increasing distance from the bed.

The 1 cm séﬁple contained large quartz grains, some clean,
some coated, as well as larger diatoms.\Ferz>few aggregates
were observed, although that may be due to their mechanical
disruption 5y flow shear or abrasion by contact with the
bottom and bedload'materiai. Indeed, this sample probably
combines material truly "in suspension with bedload material
travelling in saltation. The*2 cm sample consisted of some
quartz grains and diatoms, often bound togéther in an

organic matrix (OMA). At 3 cm larger OMA's start to appear.

hd ¢



.same (after SEM preparation) as dQ;the large flocculated

»

Bpy

. p ou lq3 -
These seemed to contain relatively few embedded diatomd or

a -ty

large quartz grains and, in spite of their size, were
probably of low specific dgﬁsity. They appeared much thé

Ry

aggregates reported by Eisma-et al. (1983) from the Ems

estuary. An important question arises concerning the

- ] @
physical strength of these™macro-aggregates. Large’ flocs are

fragile and notorioudly hard to sample without ‘breaking
B -
(Kranck & Milligan,1980; -Eisma et al..,” 1983; Honjo et al.,

1984). They may also break up while settling out of the, .

water column into the ‘Sshear field.of the benthic boundary-
\‘ 4 D\ i «
layer. Kranck (1984) has %hown that these large flocs

°

o

ol

disaggregate into smaller, more stable units. Although 4

"larger flocs tend to settle rapidly (Chase, 1979; Kranck,

k]

-

1984), their disaggregation may them more.easily resuspended

o W

(Krapck & Milligan, 1985) so. that, except at periods of t;\

<

slack water, this material never really reaches the bottom.
The 4 cm sample is less concentrated and cgytains
- .

smaller aggregates, very small diatoms and some plant .
%

debris. The 5 and 7 cm samples (not. shown) are quite similar -

tbgthe 4 c¢m sample, although less concentrated. The ®

e

aggregates seem especially free of large embedded in'organic

-

particles and probably consist of gilt to clay-sized grains

organic/inorganic ratio of 2:1 te 3:1 for floc formation, oo’
s

this seston is probably quite/?/ganic—rich. Bulk organic

content (by ashing, 5000C) of the surficial (3mm) sediment

[
‘
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at Eastern Passage was 30%. The thin .surface layer (300 pum)

4

is probably very close to the proportions indicated for

floculated aggregates.

My observations in the-flume‘indiéate tirat large OMA's

are, a preferred food item for S. setosa. A unique feeding
- IS8 ———

.behaviour has been observed in S. setosa which intercept a

large floc. If such a particle is trapped while the palps

are in coiled pbsition,‘the7palb which trapped the particle
. 4 £

is lowered to the bed and the other palp ceases feeding to

lower and cross over the first one. This allows both food

groovesg to contact the floc and rapidly transport it to the

. Y
'‘mouth. At lower flow speeds, both palps come together in the

water column to guide the particle to the mouth. Such
béhaviour suggeste the importance of suspended OMA's as a
food soﬁrce for S. §ggg§é. With an adult palp length of 2-3
‘centimeters and tubes up to.4 centimeters high, §. setosa-

’ . . . .
seems well adapted to maximize its chances of intercepting

OMA's while avoiding bedload and suspended particles with

%

low orggnic/inorganic ratios.

\
Strong evidence that S. setosa is primarily a

suspension—-feeder is given by the feeding ratios imn Table

v

1 @ / t .
(1). The abundance of d¥atoms in the sediment samples and

4 °

their virtual absence from the S. setosa gut samples show

. w

that 8. setosa must be feeding above the sediment-water

a

N .
interface. Post-capture -particle selection by S. setosa can

be ruled out because they are decidedly non-selective when

w b

observed feeding under the microscope. Also, when diatoms

’

-
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are provided in suBpension in the flume they soon appear in

. . "

Spio guts. Grant et al. (1986) showed significant sediment
binding due to diatom filmél This keeps the diatoms .

themselves out of suspension. Even if the diatoms are bound

A v

to the sediment, it is likely that they would be dislodged
by a deposit;feeding S. setoga's surprisingly strong palps.
“ ——._'—’ —- ) - vty

These data, combined with Dauer's (1981) finding that S.

reaching tle sediment surface, indicate that the Eastern
Passage population‘f@s feeding solély'from suspension or on
material adhering to the tops and sided of the tubes. As

further evidence that S. setosa feeds above the sediment

N

surface, two species of nematodes common in sediment samples

that these were absorbed very quickly if ingested.
. 4

As was expected from preliminary observations, plant

o
0

fragments were more common in the S. setosa gut than in

ambient sediment samples. As the sﬁspended sediment supply

in the flume experiments was taken *from these surfical

@
o

2
sediments, there was little macrophyte detritus in the

seston. The role of this component of the segton in S. .
Pl T \
setosa's feeding ecology was further elucidated by the

plankton camera experiments.

-

They were seen suspension-feeding throughout the 8 1/2 hours

of tidal coverage. No obvious periodicity related to long- .,

period‘sesto;/ﬁgﬁtentration was obgerved; they seemed to

] -
o



o

feed more or less continuously. This is the first
', R . . e o
observation of spionids suspension-feeding throughout .a

~

tidal cycle. Tt- illustrates the importance of this mode of
(o
feeding to the group. Although spionids were formerly

thought of as primarily deposit-feeders with facultative

»

ability to feed from suspension, their ability to

suspension-feed makes it possible for them to occur in the

4 -

densities observed at Eastern Passage. A 10 cm worm, with

13
5

about 8 cm of gut follewing the mouth, pharynx &nd esophagus

and a gut internal diameter of 0.3 mm, has a gut vol-u@(e of
. . . -

2.26.ml. Laboratory feeding experiments with organic-coated

-
» ®

glass beads (300 Mm median grain size) indicate that S.
setosa can fill"its gut in 45 to 75 minutes. .If it feeds

continuously, iﬂ\would replace its gut wolume a minimum of

6.8 times in the 8 1/2 houms of tidal coverage. If we assume

>

that by deposit-feeding S. setosa would have access to the

T X

) -
. top 3 mm of the sediment column it would require a radial

palp length of just over 4 cm to cover enough sediment

surface (assuming no replenishment) to meet its néeds. In

<
-

dense assemblages, thisg amount 9of surface areza is not =~

available to individual S. setosa and their ration must come

directly from sugpension. Miller and Jumars (1984) reported

n

that spionids deposit—~feeding in ‘dense assemblages decrease

their feeding rates as fecal material accumulates.
*
Quite apart from the areal requirements, the quatity of

material ingested by deposit— versus suspension-feeding will
(

be drastically different. Gut contents of S. setosa forced
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' . 3
to suspension—-feed in flow in the lab appear different from
those that are allowed to deposit feed in‘quiescent
conditions., The gut contents of suspensidﬁ;feeders have a

-

much more "fluffy" texture, probably representing more

1abi1e'ﬁateria1_than the deposit-feeders are able to take
~

in. Jhé’enengetip costs of constantly scanning the sediment
1 - - - -
surface versus holding the palps erect or coiled in a flow

are not kpown but are worth investigating. Any figorous

optimization argument wouldhave to account for this
. f .

v

4 “am

‘

Of special note is the active feeding response of §.

setosa in high concentrations™Qf macro-algal detritus; they

often intercept large suspended Aragments. The direct
-

1983), but it may be the bacterial epiflora found on

suspended detritus that is most important. DeFing the summer
) R //

months there are also numerous fragments of labile //
7

chlorophyte species in suspension, /// o

Most importantly, these organic detrital parti%{es of
low specific density (but high concentration) are in almost

uniform suspension. If their uniform concentration profile
' 19
3s combined with a fully logarithmic velocity profile
=y /. . '
(typical of well-mixed estiaries, Anwar, 1983), the

resulting flux ptofile will "track" the velocit§ profiles and

inerease continually with height above the bed. Thus the

s

higher a suspension-feeder such as S, setosa candreach into

-

the water column the greater is the flux past its

3
LY

3
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appendages. The benefit is twofold, for in reaching into the
T A “
region of g;ZZterkorganic flux S. setosa places itself above ,.

the region of maximum flux of inorganic ¢omp ents.

Q

. It appears that the‘'conspicuous sand tubes

a

&

’ . . " o
setosa are adaptive in at least two ways. They ptrotect the

’

worm in a Hynamic sedimentary environment, where mechanical

abrasion from bedload transport would make it difficult to

~

s

+ feed during periods of strong current flow and maximum

material flux. The tubes also elevate S. setosa ‘out of the

region in which inorganic cdmponents of the sediment
. .

predominate, both as bedlodd and puspended load, ,intoc a -

region where the  flux of material more useful as food is

*

increasing with height above the bed. ) -

¢
©
v - )
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INTRODUCTION ° .

L]

Benthic suspension feeders arg inherently’dependent on

\ -

allochthonous food. sources. Since these materials are

. "
transp%gted by the fluid environment, they are subject to

~

forces which sort and distribute them. 'This has been tacitly -
& .

"recognized in the fe® studies addressing food supply to

4

éuspension—feediﬁh benthos, which have followed one of two
paths: mechanistic studies focusing on small=scale physical

interactions which affect particle capture (Rubensteine &

’

Koehl, 1977, Carey, 1983, LoBarbera, 1984) and ecosystaem or .

regional studies of large—scale physical factors and their

- N

role in transporting food matérials to suspens%on feeders

-

(Wlldlsh & Krlstmanson, 197§/ 1984 Wildish & Peer, 1983,

Rhoads et al.,.1984) ?yere is .a need.to reconcile thésiﬂtwo

approaches. I have attempt®d to do so in che study of the
hydrodynamic constraints on food supply to passive .
<
1 . . ~
sugpefigion feeders; pr%sented{in Chapter (3). This study is ‘

a continuation of that work, focusing on the effect of the

/. .
flow regime on the ration actually ingested by a suspension-
feeding spionid polychaoté, 8. setosa.

'
=

“Pn Chaﬁter 1 I reviewed Rubenstein and Koehl's (1977)

approach to tho\m%chanics of suspension feeding and in
Chayter 341pointed,outﬂthaEvinherent'in their approach was

the tacit assumptlon tﬁat organmsms feed in a homogeneous

[y

suspension: ThlS assumption may well apply in the water

[

. . -
celumn, but it is not valid near the benthic‘boundapy. a

4 -
M 4

Jumars and Nowell (1984) point dug that near-bed suspensions

- h 2
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N -

will be homogeneous only when the shear velocity (uyx) of the-
ffow is two orders of magnitude greater than the particle
fall velocity (wg). This means that for almost any natural

situation there will be a gradient in particle concentration
. . .
near the benthic boundary. The effects of strong boundary

®
layer gradients in velocity and particle concentration on
the flux profile were presented in Chapter 3, where I
: e
derived an expression for the height of maximal horizontal

flux (eguation 8Y. .

o

Equation (8) pr&dicfs that particles of different fall

a gradient in

particle‘concgntnation but also in patticle type, and
hydrodynamic sorting affects the types of particles

4

available for capture. The partieles are invariably a, poorly

sorted mixture of organi# and inorganic materials and their
r
relative efficiency of capture will certainly be due in part

°

to inertial impaction.

.

" Both Rubenstein and, Koehl (1977) and LaBarbera (15@4)

have emphagized direct interception as the main mechanism

°
v

used by marine filter feeders. The arguments presented above
n r @
sugéest that inertial impaction may also play an important

= .

‘role at the benthic boundaty. The role of inertial impaction
s - 3

inc¢reases with increasing flow velocity and density
L

>

difference./The product of 'these is dimensionally equivalent

to the flux. Since the flux of dencze (inorganic) particles

® 4

increases whiLéjfh%t of lighter (organic) particles

‘
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decreases cioser to the bed (Chapter 3), the role of

inertial impaction should be greaiest close to ehe bed. °
The combined effects of hydrod?namis sorting and

inertial impaction during ﬁarticlg capture suggest that any

organism capable of reachihg above the bed to obtain its

3

s L . . =
ration will benefit by reaching into a layer where more

particles are moving past it§ fééding appendages (higher

flux) and higher proportions of the particles are organic.

»

Closer to the bed, the higher f¥ux of inorganic particleé

-

meang that inertial impaction will play a greater role.

-

) £
Farther from the bed, the quality of the ration increases

. .
and ‘the effects of inertial impaction are lessened. Rhoads

- s o,

et al. (1984) recognized the importance of the near-bed

3

region, which they called the 'Benthic Turbidity Zone' .

(BTZ), to suspens{on feeding organisms. They did not discuss

the significance of particle stratification within the BTZ

i

due to hydrodynamic sorting. Sorting of this kind was shown
g ' ﬂ}«

experimentally in Chapter 3; it ik the purpose of this

chapter to determine wheher or not it is relevant'to the

»

feeding ecology of benthic suspension feeders in general,

and of S. setosa in particular. Feeding experiments in

controlled flow were used to show the proportions of”

different particle’tybes'ihgested by S. setosa feeding. at
different heights above the bed. These results are compared
with the material ingested by S. setosa in the field to

W

determine the effect of hydrodynamic sorting on estuarine

suspengion feeders.

A
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METHODS _ .
Field Site:

All field samples in this study vere taken ffom the
intertidal area of a fine sand peach at Eastern Passége.

N.S., at the mouth of Halifax Harbour. The area has a SE

¥ .
exposure and is next to a narrow channel where currents

°

exceed two knots (102 cm s‘l). The harbour side of the

+

channel receives large amounts of organic matter from a fish

plant and other 'sources of refuse. During both flqod and ebb

stages of the tide the longshore flow is from NE to SW, i.e.

[}
Y

towards the channel, at speeds of 2 to 10 cm s~1, The area
also is subject to the Epproximately two-hour seiche which
is typical of the harbour as a whole (McGonigal et al.,

1972; see Chapter 3).

Spio setosa:

Field gtudy of the distribution o%,Spio setosa at

Eastern Passage started in May and ended in November, 1985,

resulting in a total of 580 quadrats sampled during 15 days

Y

within the study period. The quadrats were (20 cm)2 and were
deployed in a three-zoned stratified random sampling

1

proéram. This program resulted from preliminary
obser&ations, but the study showed.thét only two distinct
regions were statistically justified.

My observations of S. setoss at ﬁastern Passage

revealed that they are large (10-15 cm), form conspicuous

. ! . 3
gand tubes up to 5 cm in height and have two generations per

o
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year. The S. setosa population at Easte®n ‘Passage is -

.

confined to a narrow region of the intertidal area near the

channel. Sampling revealed a patchy distribution with

®

maximum densgities'of 720 adult individuals m~2, At these

densities the distinctive sand tubes 'formed by S. setosa

w

coalesce into raised mats, although solitary tubes ‘are also

1 ]

prgseng) )

Field Samples: 7
]
Samples of S. setosa. ,for analysis of gut contents were

e e

qQ

@

taken as soon as °the tide uncovered their tubes. /

Narcotization with 6% MgCly for approximately one hour -
0 )

preceded dissection and perfusion of the gut contents with

~

filtered seawater. Only the first 60 setigers after the .

P

pharynx were perfused to obtain the material most recently

)

eaten and minimize the effect of dgfferential transport of

e

materials within the gut. Nargotized worms wére perfused
* - . .
within 2 hours because preliminary studies showed that some
¢ « )
of.the less refractory material could be digested after that

a

time. Although narcotization was necessary %b/perdit .

dissection and perfusion it did allow a certain period of
. / ’
time (about one hour) for the digestive process to work

before’sampling of the gut contents. Samples were preserved

0y

in 17 buffered formalin and refrigerated. This method of

4

storage gave excellent preservation of all ‘types oFf
1

o o
particles examined. For example, diatoms and algal mats

still had full pigment colours mqre than 6 months after ,

v

sampling. |

«
Y Naem £ »
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Sample counting involved filtration through Nuclepore

. ’ ’ Lo
polyester filters (1 pum pore diameter), backed by Gelman AE

e 3 glass fibre filters for support and to show any evidence of

-
s

leakage. The filters were cleared with glycerol and viewed

! !
at 200x under a Zeiss light microscope with phase contrast.

¥ . .

Some samples were stained with Hertzberg's iodine solutiln

. after a brief hydrolysis. This was not done commonly since
®
the h&dfolysis disrupted diatoms and dedicate organic-
mineral aggregates (OMA's). Counting 30 full fields per

filter ensured adequate coverage of the filter surface.

Y

Samples yielding less than 100 particles in 30 fields were
excluded from the analysis. Degcriptions of the particle
types identified are presented in Table (2). ,

Surficial sediment from among the S. setosa tubes was

o

. sampled with a syringe-core to a depth of about 3 mm.,
. e
taking a sediment volume of 0.3 cm3.’Preservation was

<

identical to that of the S. setosa gut samples. Before

» filtration samples were gently shaken by hand to suspend the

organic fraction, allowed to settle for 10 seconds and

decanted into the filter manifold. Due to the density of

~

particleé on the filters, 15 quarter-fields per filter were
counted. ) ' . '

. In both the S. setosa and ambieht sediment samples
ten standard particle types (Table 2) were recognized.
Part?cles notﬂfitting:into any of these c;tegories were
relegated to the ‘'other' category, whicﬁ repregented less

than 2% (ambient sediment:mean=0.76% * 0.58%, n=10, S.

. 5

@
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Table 2. Particle categories used for analysis of Spio setosa gut contents
and Eastern Passage surficial sediment. Abbreviations are those used in’
tables 2 through 4. In all following tables .these comventions hold: 'TORG' =

'ALGL’ + *TOMA', 'TOMA’ = 'SOMA' + 'LOMA’ + 'AOMA’, and 'TQTZ’' = ’'SQTZ' +
'LQTZ’ + Spicules. ‘
‘ © . o ° .

- ! : , 0 '
Particie Category Abbreviation Description

F]
Organic 'TORG" Particles of mostly organic composition
Algal Fragments 'ALGL’ Algidl and other plant fragments, 100-1000pm

Sheet ! single—cell -thjickness, sheetlike

single—cell thickness, filamentous
various, some of terrestrial origin

" Filament (’
Other

Diatoms - ’ 'DIAT’ - Mostly peanate, but some centric, diatoms.
' ° ‘ . gé?es from 5pm to 80pm

°

Organic-Mineral "TOMA' _ Aggregates of mineral graims and precipit-
Aggregates . ’ ated organic material
Small fSOMA’ aggregates (50pm in diameter (
Large ° "LOMA' _ agpregates 50pm to 500um in diameter
Amorphous 'AOMA’ -~ aggregateg >50pm in diameter, made of
. v colloidal-sized particles

Quartz 'TQTZ’ Mineral grains not bound into aggregates
Small Ve '8QTZ’ grains <{50pm in diameter
Large 'LQTZ’ . grains >50pm in diameter

.Other Particles not described above, comprising

less than 2% of all parficles counted.
Cuticle fragments
Crustacean parts (cirriped, amphipod)
Cyanophyte (mats, single-cell thick) ~.-
Egg cases (gastropod)

. Foraminifera (empty and living, tests)
. Nematodes, 2 spp. (sediments only)

Spicules, triradiate (Porifera:
Calcarea)

ot
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setosa gut:mean=0.90% ¥ 0.59%, n=15) of all particles

"

counted. - , .

’ .
Samples of the tubes of S. setosa were taken for
%

".analysis of carbohydrate, by the method of Dubois et al.

@

(1956), and for determination of bulk organic matter (dried
[} A -~

E]

at 50° C for 48 hours and ashed at 5000 C fror-12 . hours).

3

"Samples of the ambient sediment within S. setosa patches

were ﬁﬁeated similarly. N .

Flume Experiments: . . i

Feeding experiments with S. setosa were carried out in

the Dalhousie seawater flume described in Chapter 2. 8.

. ¢
setosa and their tubes were excavated at Eastern Passage and

-~

placed in the flume's removeable corébox (Chapter 2). The

P
corebox was returned to the lab, placed in theflumé and
allowed to acclimate in slow flow for apéroximately one

_weeks A veneer (2-3 mm) ‘of Easterg Passage sediment was
spread on the flume, K floor and extended approximately two

meters upstream of the corewell. Shortly before an

experiment about half of the S. setosa tubes were removed /to

Pl

~ ’

bed level. A typical experimental configuration is ghown in
&

Fig. (15). The worms living in the(shortened tubes (referred
to as the 'low group') almost invariably resumed feeding
immediately after the disturbance, except that they were

forced to feed within 2 cm (extended palp length) of bed

level. Worms in the undisturbed tdbes (referred to as the

ffected and fed at 4-6cm

¢

'high group') were, similarly u

above bed level (tube height = 4 cm).

.
C N K

f
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Schematic of experimental’ arrangement for flume

Figure 15:

flume with removable corebox, sediment and Spio tubes.

Arrow indicates direction of flow.
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wvorms, I then drained the flume, removed the corebex,

. . 120

s !

@
[

A concen¥rated sediment slurry pumped into the flum®e

o
e

provided a facsimile of natural geston in the feeding
= /

experiments. It was prepared® by resuspending surfiecial

sediment (top 3mm) from Eastern P

assage in filtered seawater
1 - » 4

.in the lab, and was decanted after lowing 10 seconds for

n
hd )

the lafger sand grains to Qst%le. This procedure gave a '
? 8

final concentration of about 1050 mg 1-1, This translated to

a bulk seston concentration of around 60 to 70 mg 11 in the
experimental flow in the flume, representative of turbulent

estuarine conditions. The bulk organic content of the slurry

wgé Qariable, but ranged from 17-33% (by weight, ashed ét

. b/
500°C). y

Feeding experiments ran for 45 to 75 minuteg. Gut

clearance experiments indicated that 45 minut was ‘the - -

4

minimum time required for the foregut to clear. During an
experiment I periodically observed the feeding activity of

both groups (high- vs low-level), monitored the seston

concentration in the flume and took veloecity profiles with

,anemometry equipment (Chaper 2). Seston monitoring with an

Optical Backscatterance Sensor (OBS, Downing et al., 1981)

showed very consistent bulk concentrations, Thermistor

~

o -
anemometer velocity profiles were log-transformed and used

4 - o

to calculate the shear velocity, ux, and roughness length,
zo.‘of:the experimental flow, as discussed in Chapter (2). -

3

. Re . oL . .
LAt the end of an experiment I rapidly 1nsertew~BS

plastic coretubes into the corebox, isolating both groups of

3

5
-
"

-, d [



' ‘ : S~ 121, -

8

L - 2

///u ' separated the two groups of worms and sieved (300 fm, mesh)’

- v

tHem from the sediments. Worms were fixed immediately in' 2%

buffered formalinm to rapidly stabilize the- gut contents.
“ o ® o - \
Total time taken from the end of the, experiment until the
<& il

\\&WOrms were in the' fixative was 15-20 minutes. 18 to 24 hours .

. after fixation the gut contents were rfemoved and processed

a
-
’

* similarly to the fieldgsamples. .
L3

/

‘Although estuarine sediménts are complex mixtures of

prganic and inorganic particlg< which settle at vastly
o *
different rates, the characterization of such’ a sediment by

a single "effective fall velocity' is often useful. (McCave,

1979). Two methods were used to determine the effective fall

I
. - K)velocity gf;Eﬁﬁtein Passage sediment. A 20cm settling tube -
. N N
! S
- containing a suspension of Eastern Passage seston was placed
A L in a cold room at 62 C. The suspension was thoroughly mixed
I3 B%) -

4 .

and sampled periodically. The samples were filteréd through

. pre—combusted Gelman AE glass fibre filters, dried and ;

~o a

weighed. The 90 minute time course is plotted in‘Fig.(16)./}W

Effective fall velocity was determined as-the settling

vdistance divided by the time taken to reach the median

'
s

concentration. -

-

)

The second method used was Krone's concentration
. ' 5 -
gradient method (McCave, 1979). A measured concentration

9

gradient from a flume flow at uz;=0.24 cnm s‘% (Chapter 39
was plotted as C/C, vs (d-z)/z on logarithmic axes (Fig.

16), C is the measured concentration at a height, =z, above

the boundary in a flow of depth, d. Cz is the 'reference
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Firgure 16: Settling tube experiment for Eastern Passage

" gsurficial sediment, séftling over 20 cm path at 60 C.
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A 2

concentration' at the reference height, a, close to the bed.

e .

The effective settling velocity, wges is calculated from the

slope of the curve which, by Krone's method,’waé equal to

"

Wge/ Kux. <
RESULTS  , | ' T :
Feeding Experiments: N *
' t
The results of the feeding experiments, comparing S. .
a @ I

setosa feeding at different heights above the bed, at‘high
and low flow rates, are presente? in Tables (3) and (4)

respectively, where the data are in the form of ratios of

14

selected organic to inorgamnic components. The particle types
t AN

are as outlined in Table (2) ;nd match iohghly equivalent
particle sizes (e.g. SQTZ and SOMA “are roughly the same .
size). A one-tailed test of the difference betwé'& groups
was made using the.Wilcoxon Rartk Sum te&t (Bradley, 1968ﬁ
At the higher flow rate .(ux=0.52 cm 3_13 only three of

1

the seven chosen categories showed'signifaéant differences

b;tween feeding groups (Tables 3 and 4),/ Mean values were

(SOMA/SQTZ). This may be/ﬁﬁe in pa t to emall A sample sizes,
but the generally higher organic/inorganic ratios -at the
-~ . . .

lower flow rate (ux=0.27 cm s~1) suggest a hydrodynamic .
% 1
factor may also be responsible. Equation (8, Chaptgr 3

predicts that there will be a hydrodynamic sorting of the

v
v

particles in suspension. Ae shear-generated turbulence
- [ 4 : -
[ L] - [
increases (increasing ux) ‘sorting will be less evident, d“ﬂx :



v

Table 3y Results of flume feedng experiment with Spio setosa at hfgh flow
rate (us=0.52 cm s~ 1). 'High’' and 'Low’ groups represent worms suspension
feeding from their tubes at 4 to 6 and 0 to 2 cm above the-'bed, respectively.
Between—group differences were tested by the Wilcoxon Rank Sum test and o
denotes the level of significance. Categories are as defined in Table 2 and in

.the text.
’d
CATEGORY R o
/
SOMA LOMA AOMA ALGL DIAT TOMA TORG
SQTZ LQTZ TQTZ DIAT SQTZ TQTZ TOTZ
GROUP /
High _. 1.09 . 1.81 1.62 0.54 0.58 1.14 2.76
Low ' 1.20 _ 0.42 0.57 0.41 0.35 1.10 1.66
: . ‘ .
'a n.s. 0.01 0.05 n.s. n,s. n.S. 0.01
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’ 4

Table 4. Results of flume feeding experiment with Spio setosa at low flow
rate (us=0.27 cm s~ 1), 'High’ and 'Low’ groups represent worms suspension
feeding at 4 to 6 and 0 to 2 cm above the bed, respectively. Betw'een—group
differences were tested by the Wilcoxon Rank Sum test and ¢ denotes the level
of significance. Categories are as defined in Table 2 and in the text.

N

. . . CATEGORY /
. ) Q -
SOMA LOMA AOMA ALGL DIAT -  TOMA TORG
* SQTZ LQTZ TOTZ DIAT SQTZ TQTZ TQTZ
GROUP .
" High 1.10 2.22 4.57 0.16 0.23 1.26 5.26
Low 0.87 0.62 0.14 0.14 0.22 0.79 0.81
o o .025 .001 .001 n.s. n.s. 001 ° .001
- L] 1 /" B
n 19 19 19 16 17 .19 19
N ‘
2 . -
-~ 'r.
v \ .



.
a

to greater mixing in the near-bed region. The increased uy

value in the first experiment resulted in more thorough
mixing of seston and'greater sgimilarity in the
<

organic/inorganic ratios between the low- and high-feeding

s
a .
A ~ y

groups. Not only were the ratios higher in the second T

experiment (lower usx), but the difference between the low-
&

v
v

and high-feeding groups was more pronounced, . ~
- ¢ ’ ’
"The fact that there were no significant between-group

]

differences in the category DIAT/SQTZ, implies'a basic

3

similarity in their hydrodynamic behaviour in suspension

(Tables 3 and 4). The majority of diatoms were pennate and
* ) Al

in the same general size range as the small quartz grains
(<50 pm) ,although their modal size was-'probably slightly .

larger than that of the sm-all quartz grains. Even their
i -

5 .
ratios in the surficial sediments were quite similar (Table

5). The consiswtently 1ow‘rét%os of algal fraéments to .

diatoms, however, were a function of there being very few

// -
algalaffaghénts in the seston slurry. This reflects their

- -

virtual absence in the sediments from which the slurry was

by -

o , .

made, althoﬁgh photographic evidence .(Chapter 3) shows that \\“’///“\

they-,occdur pericdically in dense suspension at, Eastern

<3

S

¥ o . A
Passage.

)

.

" The greatest difference between the high and low groups
r~

occurred in the ratios of amorphous and total organic
particles to total quartzuparticles (Tables 2 and 3): The
rolefof amorphous OMA's is evident in both the high and low

[

. #
flow rate experiments, The{;atiosareflect a fact that was
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evident during perfusion of the S. setosa guts: the gut

a S

contents from the high-~feeding group always appeared

¢
v
.

"fluffier' in texture. \ .

e
The role of seston, and OMA's in partidéular, in the
[+
nutrition of epionid polychaetes has become more obvious
a 0 A ! v

from recent observations of their feeding behaviour. In

» +

Chapter (3) I reported & specialised behaviour aimed at

capturing and retaining large aggregates when they are
ncountered inathe flow. Obse;};fions made in.the flume
during S. setosa's gcq{imation-period reaffirﬁ‘ﬁ?e&louslf
rePorted' {eeﬁiﬁgiﬁégaviours and palp'orientati&ns'of

@ LI

spionids *(Taghon, et al., 1980, Dauer, 1981),‘With .

s, .

position from sweeping and flailing over the bed (deposip

feeding) to holding\th; palps vertically in the flow a

-

(suepension feeding) to an arched orientation of the palps

»
~

0 o

and then to progressively fighter coiled orientations.

K v -

- . . »
Table (5) pfesents, comparisons of the gut contents of
S. setoga from Eastern Passage with the surficial sediment
- \

on two sepgfate dates. The particle categories are the same

as in Table (2). Differences between the two groups are .

»

tested by the Wilcoxon Rank Sum test. The ratios of

amorphous OMA's' (AOMA) to °total quartz (TQTZ) were very high

in the S. setosa gut samples in both summer and fall, but

due to the virtual absence of OMA's from the sediments in

the summer the ratios and statistics were not calculable.

- b(
The converse situation holds for the ratio of diatoms (DIAT)

4 o 1 &
s
.
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Table 5.

AN
]

°
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0rgan1c/1norgan1c partxcle ratios for Spio gut contents and
surficial sed1ment from Eastern Passage,
differences were tested by the Wilcoxon Rank Sum test and a denotes the level
of significance. Categories are as defined in Table 2 and in the text.
'~-'! denotes insufficient ¢Ample size for the Wilcoxonm te

Nova Scotia.

Between—group

SUMMER
1/8/85

Spio gut

Sedimént

FALL
10/11/85

Spio gut
Sedimént
o

n

CATEGORY b ~
somA LOMA AOMA ALGL DIAT TOMA TORG
SQTZ 1QTZ TATZ DIAT SQTZ TQTZ TQTZ

{
1.11 2.21 6.17 — — 1.30 7.34
0.70 0.72 -— 0.10 0.32 0.70 "0.67.
.025 n.s. - - - 025, 025
8 8 — — — 8 8
0.80 2.20 9.46 — —- 1.03 10.20
0.96 0.53 0.05 0.18 0.18 0.86 0.77
n.s. .005 ° .005 0.10 an. n.s. .025
10 10 10 6 A 10 10
7
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to small quartz graing. Although .diatoms are readily
observed im gut from S. setosa feeding on resuspended

’ ¢
sediment in the flume, they are almost never seen in guts of
d ©

S. setosa -taken from the field. In Chapter (3) I interpreted ¥

v

Eastern Passage feeds several ceéntimetexrs above a stabilized

o

bed in which the diatoms are an important binding element.
R \ <

o «

This is supported by observations in Grant et al. (1986).
Ratiog of 'algal frgéments (ALGL) to diatoms were

marginally greater in S. setosa guts in the fall and not so

°
o

in t?e sugg;r. In spite of §. setosa's observed.feeding on
these large macro-algal fragments, they are not often found
in the foregut. They are, however, often seen in the hindgut
and may be subject to d%fferential transport through the
git. Ratios of OMA's go quartz grains were variable, showing
no seasonal pattern. Ratios of total organic (TORG)" to total
quartz (TQTZ) showﬁgfiffzicant differences in both summer
and fall and, while there was no betwegn—éroup difference in
the ratio of total OMA's (TOMA) to total quartz grains in
the féll, there is no discernable seasonal trend. This
RN — - .
probably reflects a greater daily than seasonal variation in

conditions of particle availability. Pooled samples for the

period during March through Nowember, 1985, show

o

following categories: SOMA/SQTZ, LOMA/LQTZ,) AOMA/TQTZ, and

<

M)
TORG/TQTZ (Table 5).

Distribution patterns throughout the study were ﬁatchy,

©
.



)

133

©

with variance-fo-mean ratios >1 (range: 1.45 to'27.09L

The most densely populated area lay ;n a raised sand spit,

L}

close to the channel. It was seldom 'characterised by sand

ripples. The more sparsely occupied area lay a few tens of

- . .

meters down the beach, was frequently rippled, and was

S

bordered at its upper zone by a dense cover of pebbles and
%\

-

cobble.\Within this region S. setosa densities were often

greatest in the cobbbled .zone. This situation continued until

v

mid summer, by which time dense patches of chlorophytes

(Enteromorpha sp.) had displaced the S. setosa population.

The abundance pattern reversed in early,Octgber. when a new

‘

density in the 'previously sparse area. Pré-gettlement
densities ranged from 8 to 723 m~2, The post-settlgment
range was 25 to 2002 m~2 and the overall mean density was

408 m~2 during the study period. ///

o /
Due to the freqqengﬁ.with which storMs scour the beach

&

at E%ftern Passage, a separate study was conducted to

tube. Eight meter square quadrats were marked off with soda

I3

straws in the middle of the region occupied by S, setosa.

~ .° .
Two of these were left untouched as conttols, while the

o -~

other six were leveled and allowed to recover, after noting

the number and heights of all S. setosa tubes in each

. e
quadrat. The same data were takén at daily intervals for a

week, On the fifth day of the study, a storm washed large.

amounts of macrophyte detritus over the beach, effectively

. o]
- PEEPEN - . .
e . 3
: s ,

-
¥

M

.
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ending‘the study. An index of tube recovery was devised as:
” ZQi /n ZQO " oﬁ
. Ir x © (9)
) ZCi / 2Co ° ) *

o

. . .
vhere Qi and Ci are the.mean daily values of the product of

3

tube number and tube height in the experimental and contrgl
quadrats, and Qo and Co are the mean values of Fhe product
of tube number and tube height before the start of the

) 0
experiment.
v o

The regression of hours on I, (R2=0,93) yieldéd an
estimated time of 64 hrs. for recovefy to the initigl
condition (I =1.0). Recovery thus takes an averagW® of two

and a half days. This agrees with Dauer's (1981)

¢

observations that S. setosa in laboratory aquaria build

substantial tubes within 48 hours.

Results of the cafbohydrq;é assay on a sample of S.
setosa tubes showed no significant differences from ‘the
ambient sediment (S. setosa tubes: 0.14 mg g~1 sediment,
ambient: 0.12 mg g~ 1 sediment as glucose equivalents). This
does not rule ‘out the possibility that S. setosa reprocesses

the sedimentary carbohydrate and replaces it in different

form while building the tube. Given the frequency with which

S. setosa is forced to reconstruct its tube, its energetic
outlay for this activity must be considerable., =

Both methods of determining the effective fall velocity

o

o . .

of Eastern Passage surficial Bediment agreed closely.
Settling tube analysis_(Fig. fé) yielded a median settling
time of 143 seconds through a 20 dp settling path, resulting

e
-

=g
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in a median settling velocity of -0.14 e¢m s~l. The *

o

concentration gradient method used in the flume allows one
) . ) .

to c?aracterize the 'effective settling velocity' (McCave,
1979) from the slope of the plot of C/Ca against (diz)/z.

shown in Fig. (17). From these data the effective settling

L]

velocity of the surficial ¥edimeént at Eastern Passage is

0.15 cm s-l. This represents the material most likeély to be

v

- transported either as bedload or suspended load. The Rouse
* (
number, p, is often uieg as an index to predict whether a
- ¢
. " given sediment will travel as bedload or in suspension .

reses

. (Nowell et al., 1981, Middleton & Southard, 1984). Values of

p>2.5 indicate bedload transport, while p-values <2.5 -

-

indicate Eﬁ}ﬁsport in suspension, Estimating ux as 0.05
‘ §
times the free-stream velocity (Tritton, 1977) yields values -

ranging from 0.22 to 0.64 cm sl for the longshore flow at ~

Eastern Passage., This means that p rénges from 1.70 to 0.58

' o

. ’ and that the sediment travels as suspended load. This

2
—

‘material forms the bulk source of S. setoga's ration, but

W~

the flume exberimentsAshow th%t it doesgn't -behave
N o L 4

homogenéously in flow and that the height at which S. setosa

- feeds above ‘the sediment has a great effect on the quality
of the ration it receives. .
DISCUSSION ' . -

° R .

The quality of material ingested is important to

detritivorés and is often reflected in behavioural

»

3 responses, such as adjugtment of their ingestion rate ¢
5

(Cammen, 1980). The feeding experiments in the flume chow

- a



Y

o

-

»

r 3

«

above the sediment-water interface. Although it is

tmpossible to quantify the amount of material ingestéd and .

assimilated, the food quality of the material, expressed as

»

\/
ratios of organic to inorganic paféicles, is” clearly better ,
- Q
at some distance from the sedimept-water interface. -

Bowen (1984) céntra%ted the roles of food chains based

on 'morphous' and 'amorphous' detritus, equivalent to ‘the

"Total OMA' and 'amorphous OMA' categories, respectively, of
my study.FMorphous detritus "consists of larger (100fm or , -~ -

larger) aggregates, composed of recognizable cells, mineral

grains and a large microbial binding component. Amorphous

°

detritus is derived ftom dissolved organic matter, forms ‘

'
o

smaller aggregates (50pm or less) and is much more Ty

efficiently assimilated (60-85%, Bowen, 1984) than other
detrital components. Results of the flume experiments and

observations of feeding behaviour of S. setosa revealed the

e et e s e

.

central role of amorphoustMA'in the nutrition of this

o

organism. The worm exhibits specialized behaviour to capture
[}

and hold large aggregates and expends energy to build a tube

-

that allows it to feed in a region where the proportion of
these particles is much greater than at the bed.

.The implications of this finding extend farth;; than
just the feeding ecology of thisvggecies. Many industrial ™
and agricultural pollutants are associated with the very
fine fraction of suspended sediments in coastal aréas and

are concentrated into larger aggregates by flocculation

’

2
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a

(Kranck, 1974), These flocs exhibit faster @all rates than
N I 4 N
would be predicted by theo;:y solely on the l?asis of their

size and shape (Chase, 1979), and 'filter'- the estuarine’

b

water’' column (Kranck, 1984). They'areoquitu.iiggile, tend to
brea'lttup near the'bootté’mdandxremain in suspens;}oﬁ in the
?gér—bottoﬁ region (Kranck, 1984). Rhoads et al. (1984)
réportgd ela;ated levels of PON, POC and chlorophyll a in
this region, which they called the Benthic Turbidity Zone
(BTZ), and eipﬁasized the potential of th%s region fqr_
contfoLled bottom rack mariculture. The accumula?ion of

estuarine pollutants by benthic organisms specializing on ¢
Ao
. ° 3
amorphous OMA is one path of entry of this material into’

estuarine food chains (Bowen, 1984), Concentration of toxic

materials in primary consumers, such as S. setosa, c¢ould --

result in further accumulation in demersal fishes and

P

organisms‘at higher trophic levels. The sSubstantial 4 =

>

Passage may be a significant pathway for bio-accumulation of

-

the pollutants in the demersal fishes of Halifax harbour.

>
«

The field results of S. setosa gut analysig show

"substantial increases in morphous and amorphous QMA's in the

gut contents compared to the surficial sedimﬁﬂ%s. This is

(TN

not du¢ to post—c¢apture selection since microscopic
- . s v :
observation of S. setosa's feeding behaviour revealed pogt-

capture rejection only of particles physically too large to

. 3

be ingested. The similarity of the ratio DIAT/SQTZ in both,

flume experiments (where diatoms were provided in \

<




¢

)

)

- setosa, which takes advantage of the hydrodynamic sorting of -

e/ ©

<

. », ) .
g ¢ - .
suspension) and in the gediments at Eastern Passage shows

-

: ’ o

»that, once suspended, diatoms are hydrodynamically similar

to ﬁmall'qudrtz.grains. The interaction between &mall and - .-

. ~ : . \ s . A e
large OMA's and their equivalent’quartz grain sizes is more
o

: variable. ~ Generally, the value of LOMA/LQTZ for S. gggggéﬁ

P

on both dates at Eastern Passage is. similar to that for S,
.o P . -

- v

setosa* feeding above bed level in the lower flow rate
"experiment. This suggests that prevailing conditions at - - .
- L4 ®
Eastern Passage are bettey represented by that ‘experiment. ~ __
. . . [ - ‘ ‘\
This Jlast conclusion must 6 be taken with caution; as-the e
v 1

flume conditions are simplified from those in nature. One

limitetidn of most flume work is the back of wave effects,
L .
which can be’considerable at Eastern, Passage. Grant and

"Madsen (1986) have pointed out the role of the wave boundary

layer in sediment resuspension.. Waves increase bottom shear ,

stress and . resugpend sediments that the ambiéns flow cannot.:
.

Modelling the trangport of surficial sediments solely on the

basis of steady, non-oscill§tory flow over unifoéﬂ' : ° s ¢
- a

+

"topography is a great simplification., Nevertheless, both the

LI

flume and field studies indicate that the role of both'

1 ‘ ,

. 1}
morphous and amorphous OMA's is crucial in the ratioh of S.

3
i

.2

et e e gasn
- | A

speston in the near-bed region.- N
A \ % ® .
* c

Sand tubes constructed by S. géfésg allow indidviduals
’ . . +
to colonize a dynamic sedimentary environment. They provide _ .
LI
protection from abrasion by constantly shifting sand grains. ,

. . . - \

They also allow the worm to reach above the region of .

] 1 ¢

& ; s
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s -

bedload and maximum inorganic suspended load flux. S. setosa "

pays a price for living in this environment, by having to °
[ e . M

v v

frequently rebuild the - tube. If it takes two to two and a

’

half day% to reconstruct a tube, the worm .is. prevented from
feeding at +its optimal height for that time. Any frequency
’ ‘ ‘:: N : L q

of disturbange greater than this would préégmably exclude §.

Poa

. ©

Passage is scour by storm-tossed wrack. Often this material

°
'

remains on the beach and sand flat for weeks after the storm

2
b

and continues to “scour. During this time there are no
. e q“
? @

apparent S. setpsa tubes and the worms' feeding must be

drastically curtailed. In summer months, disturbances of

this order are infrequent, ocurring perhdps once a month,

but beach scour by wintertime storms is almost constant. The
s . 5 ”
S. setosa population at Eastern Passage during winter is

o

usually limited to the harbourside sgection of beach and is

£

i3 .
drastically reduced on the oceanside. At these times it may

" < “ .

be the'.populations living in relatively quiescent waters

e a

that provide the base for seasonal recolonization of more .

”
dynamic environments. It is in these more dynamic areas,

however, ‘that the population’ realizes its greatest

&
4 »

production. .
The questidén of §. setoga production is intimately tied

o

up with the question of food supply, food preference and

hydrodynamics. Jumare et al. (1982) proposed a mechanism of
’ 8 o

passive particle selection by tentaculate deposit feeders,

4

- L™ .
including spionids, which would favour retention of lighter,



o,
7
/

.

-

L

.oos ‘ ,
gmaller particles. Denser, -larger p rtfclés are more easily

dislodged during transport-to the mquth from their point of

z \
contact on the tentacle or palp. If this applies to

d .ﬂ - .
tentaculate suspension feeders, it would counteract the
i , - \ .

‘effect of inertial impaction in trapping denser particles.

This effect would be'gven greater if the palp were held

)3 -

fartﬂeff}om.tﬂebed,in a regionof higher flow and

* . -
s

increased drag forte on paptured particles (Jumars et al.,

1982,  Taghon, 1982). S. setosa's speciaiis%d behaviour to

»

2 . - ‘ . . v’ .
retain large aggregates (Muschenheim, ms.) involves covering
3 . i

the particle with both palps (greater contact surface) and

' ¢ o
immediately pullipg'ig down to bed level and into a region’

“
a

of lower flow; -

—

-
o 4 ot

An\adult S. setosa of 15 em length weighk &bout 0.5

*gféms. wekt weight. Based on field measurements, this

°

t

representg a-mean standing stock of 204 g m~2 of wet biomass

and a mafkimum value of 362 g m~2, Such biomass may be quite
a 2

localised but, if renewed annually, can equal the highest

annual production rates of benthic suspension feeders seen
4

-

in the lower Bay of Fundy by Wildieh and Peer (1983). Their

~

data were dominated by the lamellibranch, Modiolus modiolus,

¢

which, although not a 7passive"suspension feeder (sensu

[

+

organism in'the benthic boundaryWhkayer and is subject to the

N w v

B

same hydrodynamic conditions. .

»

8. setosa's preference for morphous and amorphous OMA's

w

raises the question of transport of pollutants through the

& «
. 1
o

=

0

NN



»

. 141

[y

estuarine- trophic system, since flocculation and enhanced

P

|settling of colloidal sized particles rapidly deliver

1 pollutants to the boundary layer (Kranck, 1974; Bowen, 1984;

Melack, 1985). Once near the bottom, these aggregates may

settle out or be transported as near—bed suspended load and

oy e D
v become avéilable to benthic suspension feeders.

v

)
-

Resuspension of bottom sediments may also make’pollutanté

available to benthic suspension feeders. Once suspended by

.
3 2 . . . . .
clirrent or wave action or bioturbation, the surficial

L4 \

sediment at FEastern Passage travels mostly in suspension,
| i .

[an so does any flocculated material accumulated in the

. sediment. Since there is a sub-layering of seston withdn the

BTZ, the height to which a suspension feeder can reach

detlermines the quality of the material it receives. .

N

4 . *'\\/‘
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The goal of this thesis has been to isolate and exam:fn,,e

+

the hydrodynamics of particle flux gradients under simple

conditions (reduced bed roughness, unidirectional flow, no

]

wave effects) and relate the findings to the feeding ecolopgy

of one species of .benthic suspension feeder (Spio setosa:

Polychaeta). The experimental approaches used, flume
techniques (Chapter‘Z). analytical and experimental study of

seston flui (Chapter 3) and its effect on the ingested

studies of the distribution, abundancé and feeding ecology

-

yield the follwing conclusions:

i.) Analytical modelling of the simplest forms of the

equations predicting flow and seston concdentration revealed

°

the conditions under which specific patterns of flux arise

(Chapter 3). As is the case with most modelling ik ecology
(Wangersky, 1978), the aim was not to produce predictive

formulae but to gain an appreciation of the interaction of

-

the physical variables. The two principle findings of the
modelling efforts are that the praofile of .seston flux varies

N

with the fallsvelocity‘gf the sediment (ws),sthe shear
velocity of the flow (uz) and the bed roughnes? (zo). Flux -~
may increase or decrease with distance from the bed.

Equation (8) 'predicts that the flux of dehse; particleg.will
occur closer to the bed than that of lighter particles or,

-

conversely, that the flux maximum of a given sediment occurs

higher off the bed as the flow rate increases.

°
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. ~ o
ii.) The flume seston experiments (Chapter 3) showed

s @

* that both cousequencé; oﬁwthe analytical model-were i
subsggntidted twith natural sediments. The flux¥*maximum of
. . ~
sediment of a given settling velocity oécurs farther from
the bed as ux (hence flow rate) increases. Hydroé;namic
seston sorting is supported dualitatively bf';icroscopic
evidence of samples from different heights above the bed.

Large sand grains; large diatoms and dense OMA's are
prevalent closest to éhe bed whiie flocs of various sizes,
small diatoms and macrophyte fragments dominate farther up.
As the fhux increases away from the bed, so does the food,
value of the\material. , toe

iii.) Benthix suspension feeders may take éavantage of
hydrodynam?c gsorting \to maximize the org;nic fraction of

their ingested ration. Particles with very low fall

velocities (<.0lus) have uniform concentration profiles and

- f\__\ s

flux profiles that track the velocity profile. The flux of

@

these particles thus increases with distance from the bed’
and, in the lowest 15% of the boundary layer, in

approximately 1ogafithmic fashion.

[

iv.) The relevance of tHese effects to benthic =
suspengion feeders (under the d%nd%tions outlined above) is
borne out gy the feeding expe?imeﬁts in the flume (Chapter 5?"

. T@

4). S. setosa feeding 4-6 cm above the sediment ingest a

b

gignificantly higher proportion of organic partig}es than "

those feeding at 0-2 cm above bed lé@el. The prgportion of

morphous and amorphous OMA's in S. setosa's gut,” both in the

-
o
A
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flume and in the field is greater than found in the

surficial sedimené at the field site. This and the lack of

.

diatoms found in §S. setosa from the field indicate that the

" 4
worm obtang its ration primarily “f¥ém suspension and at a

héight several centimeters above the bed. If fed diatoms in

2

suspension, S. setosa readily ingests them. The ratio of
diatoms to small sédnd gragns in S. setosa and in bed

sediments ind}cates that these two particle types behave

ya
similarly ih flow. It is most likely that active binding of
~° y

7/

diatoms to the bed keeps them out of suspension and out of
4

v.) Field investigations of seston concentration a:% S.

setosa's feeding behaviour (Chapter 3) support the notion of

v

its dependence on suspended material. Temporal variaetion in

OMA's) coincides with the natural seiche period of the site.

The vertical distribution of these particles is nearly

.

uniform when averaged over the tidal cycle, meaning that the

e

on this material throughout the tidal cycle at a height

about 3-5 cm above the bed.

-
’

) vi.) 8. setosa's reliance on suspended morphous and
amorphous organic-mineral aggregates (OMA's) is supported by
observation in the laboratory (Chapter B)ﬁ%nd field sampling

(Chapter 4). The overall ratio of organic to inorgahnic

et v s . i s

in the surficial sediments at Eastern Passage. Individual
<



3

' w

¢

seston cdomponents shew various patterns, but np seasonal

~effect was detectable between summer and fall of 1985.

vii.)S. setosa densities reach a maximum of over 2000 — ®

individuals m~2 in early fall. At such densities theydgygt

obtain their ration from suspension, as not enough space is

available for;deposit feeding. Physical factors, especially
’ AN

. N - . . )
beach scour during storms, limit the amount of time that S.

~

-

that it takes S. setosa an average of 64 hours to
- \

‘n * - ’ e o L3 » ¢
reconstruct its tube. During this time it must feed close to

o “ -
-

the bed and obtains a less than optimal ration. AltHough S. |

2
r »

environmentﬁ, winter storm scour results in exclusion from
~

these sites. The sparser populations inhabiting relatively
quiescent, protected waters, are probably responsible for .

a

maintaininfg the population as a whole.

<

viii.) The agreement between the modelling, flumé and

field results indicates that hydrodynamic control of sestom o

»

flux is relevant to the ecology of at léast one species (S.

-

»

setosa) of passive suspension feeder, and probaﬁly to

others. The simplified enviroﬁﬁent of the experimental flume .
(Chdpter 2) allowed isoldtion of the factors Eontrolling the s
flux . profile, yet was not so simylif:‘;ed as to produce

trivial results. In spite of focussimg on an estuarine

envir%yment, thg results are relevant to gshelf and .deep-sea

. . . ‘ s o -
environments, especially where passive suspensieon feeders
\ :

- a

a2
Pl

are . abundant. : «
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°

Derivation of the Logarithmic Velocity Profile:

The form of the velocity profile above a flat boundary

is semi-logarithmic.‘Detailé of its derivation can be found

&3

in any fluid dynamics text (e.g. Tritton, 1977). Most
simpliétically. the stress, T, in a fluid is related to the

velocity gradient through the molecular dynamic viscosity,l,
Expressing this in terms of the kinematic viscosity, v,

yields: ‘“ iu

T = py

"

Where p is the fluid density, z is height above the
boundary, and u/;@ the mean streamwise velocity., For larger-

scale pheqomenp. ¥ is replaced by an analogous "eddy

1
N

viscosity!, Ky, with units of velocity times length of, in,
this case, ux times z:
" .
Ky=Kzux , (1]/.,)
S
where K is a constant (von Karman's constant),

characteristic of turbulent wall flows and experimentally

determined to be 0.41 under most conditions. ux is th€ shear
4

velocity defined in Chapter (1). The relationship then

becomes:

= ) (12)

Since ux and K are constant for any given steady, uniform

flow, this integrates to:

1 u. N - "
w, = In(z) + C (13)

9

With further dimensional considerations (see Landau and
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, Lifshitz, 1959) thé constant of .integration is taken to be
3 s

. . o
equal to ¥ o A e N
st Vg wv f . ° &

Intz ) . .t
K A , (14)

a®

s .

9

where z, is a parameter related to bed roughness, so,

Uy z s
u, = ln - . (15)
K z,

%
which is the same as Equation (4, Chapter 1).

e

Analytically, z, is the z~intercept, but the
logarithmic relationship does not hold very close to the
wall, where viscous forces dominate. This region, the &

viscous sub-layer (VSL) is on the order of 12 »P/ux thick,

with a linear velocity profile given by:

: 16)
u, = 2(“‘)2/1) ! (

The flow is then called "hydraulically smooth™. In the

“

ocean, VSL's from a few millimeters to a couple of
centimeters thick have been reported from measurements made
on the continental shelf off the coast of Oregon (Caldwell &
Chriss, 1979; Chr;ss & Caldwell, .1984)..If the flow is

strong enough, or the bottom rough enough, the condition of

&

"hydrdulically rough" flow exists and the VSL is present
only in the interstices of the bed.

Frém arguments presented in Tritton (1977, p. 275)

there is no discontinuity between the two layers and the

stress is assumed to be constant with height this close to

¢
e

the boundary. This means that a stress calculated from
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logarithmic layer measurements is the same as the stress

' acting at the bed. Taking a series of velocity measurements

r4

and regressing uz on log(z) will permit calculation of z,
and ux and, subsequently, the bed shear stress from Equation
(4, Chapter 1).-One should note that, for the regression to |
be statistically significant, there must be enough data
pointe to resolve the profile. Im the compressed boundary-
layers created in flumes, this requires instruments’ and_
methods with suitable~spatia] resolution. More on the

calculation of bed shear stress can be fouﬁd in Middleton

and Southard (1977). . .
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