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ABSTRACT

A series of cruises was made over 14 months to détermihe
the effect of physical transport on the zooplankton of Indian
Arm, whose deep water is separated from the marine influence of
the Strait of Georgia by a series of shallow sills.

The dominant transport process during the study period was
tidal exchange. The topographic features of the inlet, coupled
with density stratification found over the year, restricted the
exchange of water and plankton to a surface phenomenon.

Four copepod species were sampled using horizdntally towed
Clarke-Bumpus nets and vertically towed SCOR nets and one meter
conical nets. These were analysed to determine the
relationship between different life history patterns and tidal
exchange, and the effect of this relationship on the populations

of these species 1inside Indian Arm. Corycaeus anglicus is a

surface water to mid depth organism found in highest numbers 1in
Vancouver Harbour. The population density reaches a peak in
the fall and remains high throughout the winter with transport

concomittant with this peak. Euchaeta japonica exhibits

ontogenetic depth preferences, nauplii and Stage I copepodites
are found mainly 1in deep water below 200 meters, Stages II-IV
are found méinly in shallow water, and Stages V and VI (adults)
are found scattered over most of the water colunm. This
species reproduces throughout the year in both 1Indian Arm and

the Strait of Georgia. Euchaeta Jjaponica was transported

mainly as the Stage III copepodite and primarily during the
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winter months despite the fact that the species is found in
surface waters in large numbers at other’times of the year, thus.

producing an isolated population in Indian Arm .durihg. the.

summer. Metridié pécifiéa is a strong dié1>migrator found
éxtenéively in ‘the upper 50 meters at night, and from 250 meters
to 50 meters-dufing the day. Transpért.of>th¢ species .across
the sill occurs at all times of the year but is significantly
greater at night,‘regardless of the phase of tide. Eucalanus
bungi 1is an ontogenetic migratof, overwintering.in.deep water
(greater_fhan 150 metérs),land comihg to the "surface in the
spring to spawn; jﬁVenile stages are found in surface waters
during the summer. The data show that this species is
transported‘only during“thevsummer while it is in surface water.
Consequentlyx nauplii. and younger copepodites are the-dispersal’
stageé. . The data suggest fhat thé species does not reproduce’
in Indian Arm and that transport of the species dufing the
summer months can account for the entire overwintering
population found in_the inlet.

An analysis of the correlation of <changes 1in the
zooplankton community with physical parameters varying over the
tidal cycle was made. Species knowﬁ to-mig:ate dielly show
significant differences in numbers between "day and night
samples. Relatively few species show differences which can be
correlated to.‘the' direction of  tidal movement. The most-
significant changés seen in the zooplankton community oécur in
assdciatién with changes in hydrographic properties. vMoreover,

these changes are manifested not at the species 1level, but at-
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the community level as chénges in such parameters as diversity
and dominance.

The effect of transport on the =zooplankton community in
Indian Arm varies from species to'species. Qualitatively, the
effect depends upon the organisms' 1life cycle 1including a
surface dwelling stage, and/or its ability to survive the
surface water transport conditions. Quantitatively, the effect
depends on the amount of time spent 1in surface water, which
varies with the depth distribution of the organism, deturmined
by its behavioral characteristics. The overall effect of tidal
exchange will be to‘dfive towards equilibrium the population of
zooplankton found in Indian Arm and the Strait of Georgia. It
is the biology of the individual species which determines the
extent of interaction with this transport process and hence the

amount of exchange which takes place.
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INTRODUCTION

Overview '

The spacial distribution of a planktonic organism 1is, by
definition, controlled by the moveﬁents of the water in which it
occurs. Superimposed on this are the physical, chemical, and
biological properties of the water within which the organism
must be able to survive. Given the continuity of favorable water
properties,' the potential exists for organisms separated-
vertically but at the same geographic location to be transported
in different directions by verticallyvdiscrete bodies of water
moving in different directions.

In coastal waters, transport of organisms by such physical
processes as tidal currents and estuarine circulation is well
known (e.g. Redfield, 1941; Barlow, 1955; Tyler and Seliger,
1978) and it has been suggested (Stromgren, 1975) that
variations 1in such transport affect the zooplankton communities
of fjords. Similarly, it has been shown that physical, cﬁemical,
and biological properties of the water encountered. by the
organisms as they are transported are important (e.g. Evans,
1973; Bary and Regan, 1976). Neritic plankﬁon, however, have .an
additional limitation placed upon their distribution by the
topographic features of the coastline with which they are
associated. This limitation is manifested primarily through the

influence of these topographic features. on the physical -



processes involved in transport (e.g. Trinast, 1975; Alldredge
and Hamner, 1980). |
The general purpose of this study is to examine the effect

of physical transport on the zooplankton community of a local
inlet. The hypothesis to be tested 1is that the presence or
absence of transport, and changes in its rate, are responsible
for the gquantitative and qualitative nature of =zooplankton
populations in an inlet. Specific questions that the study set
out to answer were: '

1) Can the transport of zooplankton be

quantitatively measured across an inlet mouth?

2) Is the tranéport affected by different

behavior patterns?

3) What effect does transport have on the inlet

populations?

4) Do different transport processes have

different effects on the actual transport of

zooplankton?

5) What numerical changes take place in the

zooplankton population being transported across

the inlet mouth over the tidal cycle?

6) Are these changes associated with measurable

variables such as tidal direction, daylight, or

hydrographic parameters?
Inherent in such a study is an understanding of two interacting
systems: the physical oceanographic  processes which are

responsible for water movements at the inlet mouth, and the



zooplanktonic biological processes occurring in the water

itself.

Physical Considerations

Geologically, a fjord is a submerged glacial vailey forming
a 'deep, narrow, steep sided inlet. The sill frequently found at
the mouth is normally a terminal moraine, which is also a result
of glaciation and forms a relatively shallow barrier separating
the deep water of the fjord from coastal water. Sills are known
to markedly influence physical transport processes (Skreslet,
1973; Gade, 1976) and have the overall effect of restricting the
exchange between the fjord and adjacent coastal water. This
effect is seen most dramatically as an isolation of the fjord
deep water (Anderson and Devol, 1973; Siebert et al,1979; Heggie

and Burrell, 1981).

The physical mechanisms responsible for the transport of
water into or out of a fjord can be divided into those of a
baroclinic nature, driven by horizontal density gradients, and
those of a barotropic nature, driven by a horizontal pressure
gradient. Estuarine circulation 1is a semi permanent density
current driven by runnoff entering the inlet, and primarily
affects surface circulation. The seaward flowing surface layer
is driven by a down 1inlet sloping free surface. Vertical
entrainment of saline water from below, into this outflowing

layer, results 1in an up 1inlet compensatory flow in the



subsurface layers (see Dyer, 1973). The magnitudes of up inlet
subsurface flow and down inlet surface flow are dependent on the
volume of fresh water input, and both are potentially capable of
transporting zooplankton.

Replacement of fjord deep water can occur if coastal ‘water
above sill depth is of greater density than the resident water
of the fjord (Anderson and Devol, 1973; Lafond and Pickard,
1975). The process 1is set up by vertical diffusive mechanisms
within the fjord which gradually reduce the density of the
resident inlet deep water (Muench and Heggie, 1978). The
intrusion of dense coastal water into the deep basin of a fjord
is an intermittent process dependent upon the rate of density
decrease in the fjord deep water and the seasonal changes in the
density of water at sill depth outside the fjord. An intrusion
is most likely to occur at a time when the offshore surface
density is at a maximum. The timing of this maximum and thus of
the intrusion will vary depending upon local coastal
oceanographic processes and runnoff patterns (see Gade, 1976).

Over a shallow sill there is a limitation imposed upon the
magnitude of a baroclinic flow by the irreqular boundaries of
the channel. Superimposed on any existent baroclinic flows are
transport mechanisms of a barotropic nature driven by a pressure
gradient such as those due to tides, local wind fields, and
atmospheric pressure changes. No boundary related 1limitation
exists on these flows such that frequently, they can completely
override semipermanent or intermittent baroclinic flows. In such

a case the baroclinic flow will serve only to diminish or



augment the barotropicn flow depending on their relative
directions (Gade and Edwards, 1980).

In most shallow-silled fjords thereforé, the dominant short
term transport process will be that of tidai exchange. Estuarine
circulation will be evident only as a% net flow varying
seasonally with fresh water input and supefimposed on the tidal
flow. Density driven intrusive flows might be strong enough to
override the tidal flow for short periods of time depending on
the density gradient established across the sill (Skreslet and
Loeng, 1977). While the magnitude of such intrusions is often
big enough to replace large volumes of fjord water in a short
period of time (Cannon and Ebbesmeyer, 1978), they are of a
seasonal nature and often episodic, with many years passing

between each renewal (Gade, 1973).

Biological Considerations

Although the width of the mouth of a fjord will obviously
have a quantitative effect on plankton exchange it will have
little qualitative effect. This 1is because the horizontal
distance over which zooplankton species distributions change are
usually orders of magnitude larger than the width of inlet
mouths. Sill depth, however, will not only have a quantitative
effect, but also a qualitative effect on plankton exchange.
Vertical gradients in both water properties and zooplankton

distributions are of the same scale as sill depths and often



much smaller, especially in coastal regions.

There are two necessary prerequisites for the transport of
organisms into or out of an inlet. First, a physical mechanism
must be present whereby water is actively being exchanged across
the inlet mouth. Obviously this water must be near or above sill
depth for such a flow to be possible. Second, the organism must
be present in the moving water. Both of these prerequisites ‘are
variable and a number of potential possibilities can be
proposed.

1) Given a constant transport mechanism, the
number of organisms éxchanged will vary as each
species reaches its maximum population density
in the water above sill depth at different times
of the year. The quantitative nature of the
zooplankton transport will thus vary with
seasonal cycles in population abundance.

2) In contrast, if the population of an organism
remains seasonally uniform, variations 1in
transport can only occur with changes in the
magnitude of the physical flow.

3) If a transport mechanism occurs on a seasonal
or episodic basis, such as a density driven
intrusion, only those animals present above sill
depth during the event will be potentially
transportable. Thus, an animal which migrates
vertically, either on a diel basis or

ontogenetically, will be potentially



transportable only at that time, or

developmental stage, when it is in water above

sill depth. |
Biological variables which must be integrated with the physical
variables thus include species specific behavioral and
reproductive characteristics.

The species chosen for transport analysis were copepods

having different depth distributions énd life history patterns.

Corycaeus anglicus Lubbock is primarily a surface dwelling

species which reproduces 1in the fall. Cameron (1957) suggests
that this is an 1inshore species which breeds in inlets.
Eucalanus bungi (Johnson) migrates ontogenetically,
overwintering in deep water (greater than 150 meters) and rising
to the surface in the spring to spawn. The younger stages
develop in near surface water before migrating to deep water in
the fall (Sekiquchi, 1975). This species is a very common member
of the North Pacific plankton community (Vinogradov, 1968).

Euchaeta japonica Marukawa reproduces throughout the vyear

(Evans, 1973). While Fulton (1968) and Stone (1979) report the
adults of this species to be a deep living organism, different
life history stages show specific depth preferences (Lewis and
Ramnarine, unpublished data). Nauplii and C-I copepodite stages
inhabit deep water (over 200 meters), stages C-II to C-IV
inhabit near surface water, while C-V and adult stages are found

scattered from the surface to deep water. Metridia pacifica

Brodskii is found in large numbers in surface water duringb the

day but migrates dielly to below 50 meters at night. This

<



species breeds in the spring and fall, reaching a population

peak in the summer (Stone, 1977).

The Study Area

The area chosen for study was Indian Arm, a shallow silled
fjord_connected to the Strait of Georgia through Burrard Inlet
(Figure 1). Exchange with the Strait of Georgia is limited by
the shallow sills at First Narrows, Second Narrows, and at the
entrance to Indian Arm itself (Figure 2).

The physical oceanography of the Indian Arm - Burrard Inlet
system has been studied in some detail by Gilmartin (1962),
Tabata (1975), and Davidson (1979). Pickard (1961) categorizes
British Columbia 1inlets according to their fresh water input,
stating that the distribution of hydrographic properties 1in a
gived inlet is largely explained by the nature and volume of its
fresh water input. Indian Arm is classified as a medium runnoff
inlet with little or no contribution from glaciers. Generally,
tides are ‘of a semi-diurnal nature and hydrographic properties
and circulation follow a regular annual cycle of changés. Major
intrusions of deep water are responsible for occasional
deviations from this seasonal cycle (Pickard, 1975). Such
intrusions take place during the winter on an episodic basis,
and are capable of replacing a major portion of the volume of
Indian Arm in one month (Davidson, 1979).

General patterns of zooplankton distribution in the Strait



of Georgia area, 1including 1Indian Arm, have -been studied
(Legare, 1957; Gardner, 1977; Mackus et al, 1980, etc.) and
patterns of production and seasonal cycles identified (Parsons
et al, 1970). The area follows a boreal seasonal cycle, most
zooplankton species reaching a population maximum in the summer
after the spring phytoplankton bloom. Primary production in the
Burrard Inlet - Indian Arm system has been studied by Gilmartin
(1964), and more recently by Stockner and Cliff (1979) who
consider nitrate limitation and grazing to be the principal
fagtors controlling primary production. Zooplankton studies
include those of Shan (1962) onbcopepods and McHardy and Bary
(1965) on ostracods. Shan relates the distribution of four
species of copepods to water properties while Woodhouse (1971)
and Evans (1971) discuss the distributional ecology of a few
select species. Although hypotheses were put forth by these
authors, no previous attempt has been made to study mechanisms

responsible for the distribution of Indian Arm zooplankton.

Summary of Considerations

In general, the qualitative and quantitative nature of the
plankton community in a fjord is a function of 1) biological and
chemical properties of the water within the inlet, 2) the
planktonic community outside the inlet, and 3) the degree of
exchange between the two. This degree of exchange is a function
of fjord topography, and. its interrelation with the barotropic
and baroélinic,currents présent in the area. Seasonal cycles and

species specific ' behavioral patterns will determine -the effect
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of this interrelation on plankton exchange between Indian Arm

and the Strait of Georgia.
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MATERIALS AND METHODS

Hydrographic Data

i) Field Proceedures

A series of seven cruises was made over the period January
1980 to-November 1981 (see Table I). Ship time for these cruises
was provided by the Canadian Hydrographic ’Service on the
Canadian Survey Ships Richardson and Vector. The cruises between
February 1980 and March 1981 served as the data collecting
series for both biological and hydrographic parameters. The
January 1980 cruise was an equipment testing exercise from which
no biological data resulted while, during the November 1981
cruise, replicate zooplankton tows were made for statistical
application (no hydrographic data being taken).

Figure 1 shows the positions of the six stations occupied
during each cruise. They form a transect from the deep water of
the Strait of Geofgia (stations GEO 1748 and FRA 1) through
Burrard Inlet and across the shallow sills (stations VAN 24 and
IND 0) 1into the deep water of Indian Arm (stations IND 1.5 and
IND 2.0). The exact location of each station is given in the
Department of Océanography U.B.C. Data Reports 1980 and 1981.
(Station GEO 1748 was not occupied during the Feb. 1980 cruise.)

Hydrographic samples at each station were taken from the



surface to close to the bottom. Specific sample depﬁhs énd the
water depth at each station are shown in Table II.

Station IND 0, on the sill at the entrance to 1Indian Arm,
was occupied on each cruise for a period of 25 'hours
(approximately an entire tidal cycle). Samples from this station
were taken at each of four depths every 3 hours over the tidal
cycle to provide information on the temporal variability of the
hydrographic and biological parameters.

All hydrographic samples were collected with National
Institute of Oceanography bottles mounted with Yashino Keike
reversing thermometers. Temperature and oxygen were measured at
sea, temperature with an accuracy of +/- 0.02 degrees C., and
dissolved oxygen content by Winkler titration with the reagent
modifications discussed by Carritt and Carpenter (1966), having
an accuracy of +/- 0.05 ml/l. Surface temperature and salinity
values were collected from bucket samples, the bucket
thermometer graduated in tenths of a degree C. ) | .

At station IND 0, with the vessel at .anchor, a Marine
Advisors current meter with deck readout (velocity and
direction) was deployed over the stern. Readings were taken at 5
and 20 meters depth as often as conveniently possible but never

less than 45 minutes apart.

ii) Laboratory Proceedures and Data Reduction -

Salinity was measured using an Auto-lab inductivély coupled
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- salinometer with a reported accuracy of +/- 0.003 ppt. in the
_salinity range above 28 pbt; and +/~ 0.02 ppt. below this value.
Density (expressed as sigma' T) was then calculatéd uéing“
“Knudsen's . formula and appl?ing corrected teﬁperatu:e and
} sélinity -values. Final calculation of all hydrographic
parameters was carried out using a Department of_Oceahography
program on a PDP 12 computer.

All current meter readings were first changed from knots to-
meters per second. The magnitude and direction of each  reading
was then plotted as a function of time; As the channei at Ind 0
bis relatively narrow, with a north-south axis,jit'was felt that
any cross channel component to the flow would be due to eddies
and turbulence induced by the ‘highly - irregular channell
rboundaries. 'Thesé vcomponents would be moving along the chénne1
axis incorporated intb the mean flow and as" such should 'averagéb
to zero  over. time. The cross éhannel components to the flow
measured by the current meters weré thus ignbred. A 'subsequenf
plot was traced showing only the along channel, north-south,
component of flow as a function of time over the sampling period
of a tidal cycle.

The north—south»compqnents of flow were then averaged. over
‘each ebb or flood eveﬁt to arrive at.a mean flow at.each of the
depths sampled for each tidal phase observed. Sinqe each currént»
meter depth represented.an.approximafely equai .portion»_of. the
total croés sectional area of the channel at IND 0;_the two mean
flows were averaged to obtain a single mean flow figure for‘thatj

phase of 'the. tide. This mean flow was multiplied by the cross: -
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secﬁional area of the channel at Ind 0 to obtain the. average
volume transport, and then by the duration of the ebb or flood'
event to arrive at‘ an estimate of the _voiumég of water
transported . during that particular_tiaal phase. This procedure
was followed for each phase duringlwhich‘biological samples were
taken and for each cruise. The ramifications : of béundary'
friction on this calculation are discussed in the next section.

A second estimate of volume transport was obtained using a
numerical model which predicts tidal elevation and average tidal
currents across each of a series of transects rﬁnning “through
Bufrard Inlet and into Indian Arm. The model was written in 1972
by Dr. P.B..Crean of the Depértment of Oceanography U.B.C. and
the Federal Department of Fisheries and Oceans and was further.
updated _in 1977-by M. Foreman. The model Was)set up to predict-
the tidal cufrentlat.section s7, immediately adjacent to the
sampling station Ind - 0 (see Figure 1). The output gave a
prediction of the average current across this sécfion'everylhour
over the entire study period.. The hourly current values
corresponding to those times during which the station was
occupied were then averaged in sequence to obtain an average
current velocity for —each hour. The velocities for each tidal
phase were then summed and multiplied by the cross sectional
area of section S7 to obtain ‘the second estiméte of volume..
transport for each phase of the tidai cycle »during'swhich ’dafa
was collected.

 Other 'tidal parameters such as times and elevations were -

taken from Canadian Tide and Current Tables Vol 5, 1980 . and
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1981, published by the Canadian Hydrographic Service.
Corrections were made to the predictions using Vancouver Harbour.
as a reference port and applying the differences published. for
Deep Co&e' as a secondary port. (Deep Cove 'is the closest

secondary port to the tidal station IND 0, see Figure 1),

Biological Data

i) Field Proceedures.

'Bioldgicél samplesﬁ were - taken. using‘;Clark—BumpuS=»nets:f~

(Clark ~and Bumpus, 1950) to obtain vertically discrete samples -
and either a SCOR net or a conical meter net to Obtéin vertical
Vhauis. Stations .occupied were the same as those uséd_tolcbllect
hydrographic data so that each statioﬂ-had a concurrent set  of
hydrographic and biological samples. The depths sampled are
shown in Table II. At station IND O, samples were taken at three -
depth§1evéry~three hours,'simultaneously'with-wthe'.hydrographi¢~='
samples. These samples were used to resolve the temporal changes
in the plankton-concéntfafion over the tiaal-éycle.

‘Each Clark—Bumpus -net used had a mouth aberturé of 12 cm.
and’wasifitted withla.nét of Number, Two*fmeéh;-(mesﬁ ‘size:350
‘microns). Each ﬁet'incorporaﬁed the modificétions recommended- by-

PaQuette and- Frolander. (1957) and. contained a calibrated flow -
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meter which allowed samples tb be quantitafive ‘(see chHérdy,
1961). At stations with a water depth greater than 60 meters two. -
Clark-Bumpus tows were made, each with'3'or 4.nets attached to
the wire. The first tow sampled the‘3 to 4 shallower depths,lthe
second the remaining deeper depths. All tows were 15 minutes 'in -
duration-'énd made with the speed of the towing vessel adjusted
to maintain a wire angle of approximately 30 degrees: Depending
on sea conditions, vessel speed was usually about 1.5 knots.

At station IND 0 a ~small fiberglass 150 H.P.
inboard/outboard runnabout fitted with ‘a derrick and a ‘gas
powéred ~winch wasi used in making the Cla:k—Bumpﬁs tows. Thé
larger research veésel was anchoréd'on station to complete the
hydtographic-:work7 and the:vértical plankton hauls.fThis“small
boat Was~unavailéble-for the‘Eebrﬁary 1980_¢fuise'andvfheVla:ger
“researchﬂvessel was-ﬁéed-to make the tows. Dﬁrinér thiS ncruise
one - tow was made every six hours resulting in a single depth:
‘series from each tidal'phaée.‘ ' 

Verticél hauls were taken using either -a SCOR net  (mesh
‘size: 363'microns) or a Meter net (mesh size 330 microns), from
as close to the bottom as possible (see ,Table- II) to the
surface. A - constant hauling speed :of 0.5 meters/second~was
maintainea;,Atrstations.deeper than 60 meters;Qa'seéond-haul was
made from 50 metérs to the surface“in an.attehpt to separate the
surface plankton from deéper plankton.-The‘main purpose”-of ‘the
vertical. hauls waswto provide an integrated sample of the entire
water column. - |

Immédiately,.after sampling,Iéach-het-was washed down with
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sea water.. The sample was then trénsferéd into either 4 or 8
ounce labelled - glass jérs and preserved in a calcium carbonate.
buffefed - formalin ’ solution of >.approximately 5%
formalin:éeawaterj | |

The purpose of the November 1981 Efuise ~was -to take
replicate zooplankton tows in 6rderv to establish statistical
confidence limits applicable to "copepod densities calculated
from previous cruises. A serieé of six 'replicate Clark-Bumpus
tows were made, eachvwith three nets on the wire. All tows were-
madetWith_thé vessel starting at the same‘locatidn‘(IND 2;0) and. .
moving_in the same.direction‘élohg ‘a 4fixed;.¢ourse,'.ﬁach tow
iasted .15 minutes and éll were made duringfthe»same tidal phase
(a small ebb) to ﬁinimize'the vafiability~ih7thewsamples- caused
by tidai.effettéb(Seé Sameotb;f1975). The éémplingrdepths ¢hosen>{
i(éee"Table. fV)'lwefé designed'ito incréaSe.the'probabiiity 6f‘
consistently catching each of the copepod study"épeciesﬂ at at
least one depth..In addition, fourlfeplitatérveftical hauls ‘were -
made at - station IND O uéingvthe SCOR net. All hauls were of-
identical length, used a éonstant.hauling‘speedv and. were made-
during the same tidal phase. Samples from all the biological

replicates were treated and preserved in the usual manner.

ii) Laboratory Proceedures and Data Reduction

Zooplankton were sorted and ' counted uSing~:a~uWild ‘M5

dissecting microscope. All samples were completely examined for:
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the relevant species and no_splittihg-of hauls was attempted.
The laboratory .procedures ‘therefore contributed no sampling
error or bias to the data beyond any counting errors;u

The taxonomic.level té which the . zooplankton Qére.vsorted
varied with each taxonomic Qroup (see Table .IfI). Fot’the
analysisyof changes in the whole 200p1ankton.community over the
tidal cyéle at IND 0 it was felt that identification to species.
would be important only for - taxonomic groups whicﬁ‘ contained
numerous. local species. This proceddre will not greatly affect
the‘validity of~thé-parameters used to deécribe chahges in thé
zooplénkton.community,over the tidal cycle as'each Qas used only
to coméaregsamples‘treated in a similar fashion. Some bias will
be.intrﬁducedaby‘the lumping of'taka;.Howéve;,ethis'efféct‘ will
Vbe ‘minimized. due‘to:fhe festpeéimens found in-each groﬁp;'ande'
also-the“limited‘numbertof'.species»iactuéllyf‘lumped ‘togéther;
(Where the number. of species inciuded in a group is known,'it is
given -in the .table.) | o

Copepods more mature than the firét'copepodite-stage were
identified to species but not sorted by :age or - sex.>vMedusae,
ostracods, amphipods and cladocerans were identified to genus
while 'groups with 1low taxonomic diversity or very - few
<individﬁals -Qéfé-iideﬁtified only as_specifically as was needed -
vto delineate separate groups (see Table 1III). No - satisfactory -
kéy exists for identifying  naupliar stages 'and théy ‘were
classified-aé a sepérate'group. Copepbds'uéed in the transport -

study were sorted to species [and “those exhibiting a- known -

ontogenetic depth preference, Euchaeta 'japonica - (Evans, 1973; -



Lewis and Ramnarine, 'unpublished data) and Eucalanus bungi

(Kfause and Lewis;‘1979), were - sexed and aged. to- the first
copepodite stage. | |

| Copepods were sorted-'esing Brodekii - (1950) . and Fulton
(1968)>ae keys. Other groups of zooplankton were. sorted using
Fulton (1968). Serious doﬁbt regafding.the correct taxonomic .-
name for twe of-the‘study“speeieseremains in the -published and .
unpublished literature. Evans- (1973) states that Euchaeta

japonica should. correctly be called Pareuchaeta elongata . .

Thorpe - (1980) .claims. to have found significant differences in:

the Metridia specimens found in Indian Arm and those .found in.

the North Pacific which have been described as Metridia pacifica
by. Brodskii:(1950). As. the taxonomic status.ef_these‘speeiesvis
étiii‘unresolved; and such work is beyond . the\ scepe"ef tﬁis;
ecological vstddy, the nemeseUSed'cbrrespend te:thOSe found. in
“the keyssmost commonly used forABritish“Columbia'ZQOplanthn;..

’Following ‘identification and- counting, the‘ data were
transformed into .-density values using the volume . of water
filtered by each net as measured bf the calibrated: flow meter
associated with that het. All zooplankton - densities are
expressed in number per cubic meter-of water and - ell'vtransport'
calculations were-done using'these valﬁes.* "

The .samplinge'depths;chOSen for'Cruise»81/33;Zto.establishUv
confidence limits, resulted in ardafa table which could be :used
to calculate statistical parameters for all of the copepod - study

species. Eucalanus bungi'was consistant1y caught by the 200m net-

while Euchaeta  japonica and Metridia pacifica were - both
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consistantly caught at 100m. Corycaeus anglicus was Caught at

all three depths but most >consiétantly'at 100m and 20m . (see
Table IV). | |

The'statistical,procedure to establish confidence -limits .
ﬁas that feéommended by Cassie (1962), using a logiQ(x+1)\
transformation as'in Stoﬁe-(1977)’to-1og»normalize the  plankton
distribution - (see Cassie, f968);~The tfansformed replicate data
were used to calculate a log standard deviation for each species
(see Table V). This log standard deviatiohfwas then .applied to -
similarly ,transformedvdata;from preVious cruises and} using the
t value associatédlwith.théioriginal'.fivef-degrees of freedom
established from the 6 replicate tows, was used to establish 955
confidence wlimitsA fof;'ea¢h3-density».value.:These'transformed‘
-confidehcé"liﬁitsiwere'then‘cﬁangéd'to:their  briginalf>form of
animals}per éubié~meter; Mathemétically ekpressed;vthe"procedufe
followed waé: ’ _

- 95% LIMITS =.(log r +/- log sd t) antilog - .1
where r is the number of animals per cubiczmeter,of»a-particular--
.species;' log ;sd_ is the logarithmicvstandard.deviatién:of the
species as estimated from the replicates, and t is the t value
associated yithv55degrees~pf«freedomf‘

The coefficient of variation (CV) is a measure of plankton
patchiness and can be usedvtolcompare’the relative- Qariability
of . replicateé; It is useful wﬁen'one can aséume~a.log normal -
diStribUfion df‘animals whicﬁ, for plankton, is aéceptable in
most cases. - CV is calculated by.expressing the sample.standérd

deviation as a percentage of the sample mean. Cassie (1962)
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states .that the coefficient for plankton usually;haS'a'value: ‘
between 22 and 44% and that much higher values are not rare. The

CV values calculated for Euchaeta‘japonica”and Metridia.pacificar~

at.100mvare~both;within this range and the values . for Eucalanus

'_ggggi at 200m and Corycaeus anglicus‘at'TOOm and 20m are only
élightiy largef;“(see Table V). = o | '. '
Higher valpeé of CV are due to low mean Valués 6f~uplaﬁkton-
counts.. In @ these cases the }assumption of a- - log. normal
distribution.becomes‘less tenable and the distribution- actually
approaches . a 1Poisson' distribution. As thé mean;of'replica£é 
counts gets smalierbthe iog normal- dist:ibution..rééuitéu in<la -

less satisfactory representation of the ‘data . (Cassie, 1962). Low

"densities of:copepods in the samplesrére'thus{théfprobabléxcauséxup«m'

- oﬁ ﬁhe'high'values;of_CV‘Seen.in‘Tabler;”' .

The -lbgarithmiéi coefficient 'éf variation- (CV{);ié.also<
useful in léomparing‘ the variébility -bf'“replicafeS  55 'the,“
. vafiability  w}thin’;sampleS',resultihg‘=frbm» én»intefaction of:
biological and physicalx,processequisv mdré likely. . to  .be
multiplicative © ‘than: :additivé~- (Céssié; 1968),v CV"} values A
calculatéd for the study speciesv(see Table V) are all within
the range found by Stone (1977) for similar coastal;zooplanktpn
samples. . |

Artificialiy,10w values are-egenerétedﬂ‘byﬂayery low ~mean -
vélues,'iﬁ-:the replicates. The,log (x+f5-transfbrmation,‘which'
wili-ha&ejlittlé  effectrw§n larger wvalues, will .overcorrect :
Sméllef“values;.vThis may be'closer tovthe‘Poisson:aistfibution 

discussed above than to the log normal distribution, -
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Statistical procedures used in .analysing ~the data._weref
carried out on the University of British Columbia MTS. system and

programs found. in the .Institute of Animal.Resource“Ecology Data

Center.fPopulations‘parameter5~'used ‘in analy51ng -zooplankton .

differencesv over ‘the . tldal cycle were- calculated u51ng Zoology -
403 stat15t1cal programs written. by..Drr, c.J. Krebs_.of the
Departmentvof,ZOOIOgy'at the University of-Brltisn Columbla. |

The calculation of animals transported across the sill
during a tidal event-involved averaging depth,.specific samples

to arrive  .at mean - anlmal densities- for each sampling t1me. The.

Cross sect1onal area of -the channel at- IND 0 is approximately =~ .

30,445 ’metersz; At each'sampl1ngmt1me,.each ofﬁthe-three:nets

,aUSed~'. S assumed 45'have 'obtained ‘a“f/zooplankton77 samplegg

'frepresentatlve 1ofﬂ'that portlon of ‘the . water column to wh1ch it

nwas closest. The 5 meter net represents the- depth 1nterval 0 7.5
‘meters,'the.]0~meter~net from'7.5—15 meters, and_ the: 20 meter
net from. 15-bottom.  From the .depth profile published on Chart .~
3434 of the Canadian Hfdrographic.SerQice-it was ‘calculated that -
the cross.ﬂsectional"area7'enclosed‘¢by--each .0of "these depth
intervals: is approximately equal.(+/- 4%). The animal densities
from each net could thus be averaged to obtainvthe-~mean animal. -
‘densityffor each{samplingwtime“across thewINb;O“croSS¢section;a‘
As 'the. sampllng linterual was eVerY;three,hours.anddthe*'
'duration.of a tidal event%was about six'hours, theretwerer often .
two ~ and sometimes three .such mean animal'ldensityt'values;"
calculated for each tidal phase. The.final'anlmalrdensity. which .

can be multiplied by.thegvolume transport~figureslwaS“obtained .



by averaging all density values taken during a tidal phase.
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RESULTS -AND DISCUSSION . -

Hydrographic Data

i) Deep water Intrusions .

The shallow sill present at the entrance to Indian: Arm
Festricts . the'véxchange.of watér with the Strait-of.Georg?ayand}
thUS’thé.horizontal continpity of water -propertieS;'across the -
study. area. For . a deep.water intrusion to océUr, Watef abévea
sill depth (apprdXimately‘20,meters) in: the Strait of. Georgia
musf be more denéé.than;resident-fjordideep watef:;ln theﬁStnéit'f 
ofv Géofgia;-”surface"waterudensityareacheSﬂé maximﬁmfinuwintef
due to the redﬁqed flow of the Fraser River (Waldichuck, '1957):"-
An Indian Arm gdeepf.water~:intrdsion is therefbre>ptimarilyra
winter phenomenon. - |
Figure 3 shows: the densitj structure. with'.depth'»aldng a’’
longitudinal axis through the study area iananuary; 1981; Water
of sufficient density to replace Indian Arm bottom water is
présent above sill depth at stations!GEO. 1748 and FRA 11."=A£v
First. Narréwér however, vertical"mixing‘.islsﬁch‘that.surface:
dénsities arenseve:ely-redhced~by'the outflowing_brackish  water
~from Vancouver Harbour. Further mixing at'SeCond“Narrpwé,and‘thé
Indian Arm sill reduced the.dénsity of.water-passing Station.IND.
O to a -value-equivalent.tO‘that.at'approximately.401metersaina:.

Indién‘Arm.~ThéJdensity of ‘water at the actual .entrance. to
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Indian Arm -was thus-dynamically incapable of penetrating below .
about '4Q ‘meters. and' bottom water in - Indian ‘Arm 'remained.h
.‘undisturbed} A 51m11ar dens1ty structure was. present durlng the
‘w1nter of 1980 (see ‘Figure 4). | o
A very distinct indicatorwof:bottbm water-ireplacement-:is

vthe‘uoxygen concentratlon in deep water (Dav1dson .1979). Due to6

K blologlcal and chemical oxygen demand, relatlvely stagnant water.:"

in the fjord basin will have a low oxygen. concentration thej
'amountr dependlng on diffusion. within the fjord and prlmarlly on .’
Lf thenlength ofttlme since ..t th e - last renewal Intrudlng;_water,
originating’ in "the upper Water-column'offthe Strait of;Georgia

will havefa'muchnhigher concentration. Figure 5 shows the effect -

onthisvintrUding'OXYgenated,water;on the . bxygenzﬁcdnqentratiOn»ﬂ:a@j

n~at, Statlon iND“uQ;O,?from‘1501meters tofthevbdttom~from~August5n¢;“Q

f31970 to Aprll 1981;u(Data.was'dbtained.from‘dtne -Departmenthfdﬁ-"‘°

- Oceanography .University of British Columbia, Data‘Reports*T970f—uf:

1981).  The  negative. slope following an intrusion reflects the -

balance;between-bidlogical-respiration, chemical woxygenfrdemand'.zi-<

and diffusion. Immediately.obvious:iS’theulack of any‘apparent'v
oxygen increase during the study period, January 1980 - April
1981.-The resident deep water of- Indian Arm remained undisturbed:
by any-xmajor 'thSicai event - and .. the -oxygen cdneentration;‘~
steadilyrdecreased:reflecting the net oxygen demand. ’
During_theﬂstudy period, no major deep-water intrusion teok
place‘and,transport‘ofﬁdeep'water:2ooplankton~‘across the‘.sill:

such . as .that reported by Stone:.(1977), was not possible. Water

exchange between Indian Arm. and the Strait of Georgia was :due to :-
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tidal action and estuarine circulation and. the potential existed

for the exchange'of shallow_dwelling,organisms only.

ii) BEstuarine Circulation

,The“pattern of-estuarine‘ciréulation in Indian Arm has' two
'distincﬁ features. First, there is- a bimodal seasonal cycle with
a mid summer  maximum due té snow melt in the mountainous
drainage basin and a second  maximum in the late fall-early
' wjntér -months “(October,ﬁ November,..December), in.respdnse to a
 1ocalL peék» in - precipitation (bavidson; 1979).‘;Second,‘ the
' circulation ‘is complicated~'by ihtense‘vertiéa} mixing at the
silis;fThis decreasés the density of'water”moving into the ihlet:'
>ih déeper~layers»by.mixing‘bfackish_oﬁéward moviné surfacé'wafer~ v

down.-into. the "incoming water. Similarly,.there is an increase -in--

 ‘, density of near surface water by vertical mixing with the inward

: moving dense water in the deeper - layers. An .example. bf. fhis
phenomenon ' can be .seen in Figures.3vand 4. This 'strong vertical
>mixihg at fhé sillswéreatly-reducesvthe:trénsport. potential of
this mechaniém.- Large quantities of the outward moving surface"
layer are réﬁurned into the inlet by being mixed down 1into the
lowér--layer,(Gadé,-1976)} Organisms. in the upper.layer'aré>thus
- partially returnéd to ‘the ‘inlet. LikewiSe,  organiSms in the

‘denser water outside which might otherwise have been transported

‘into the .inlet; .are mixed up into the seaward flowing surface
- water. This trapping of water- and its associated properties
Within~ a fjord by mixing ovef a sill is a well known phenomenon

(e.qg. Gade, 1976).
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A second ramificatjon of this vertical mixing: anduhits -
reduction of .the incoming water density is the maihtenance‘of-
the estuarine circulation as a system.associated,with-the~}upper
water column. Water which was,potentially capable-pf penetrating ..
iuto deep watervandfinvolving a large part'ef the_waterrcolumh o
in the circulation,,ia - now . maintaihed ine the upper 'layers;;;
Estuarine ‘circulation fin- Indlan Arm is thus restrlcted to the
upper water column.

A crude estlmatlon of the magnltude oflfthe. tranSport.ibyf

estuarine c1rculat10n.1n Indian Arm can be obtained as follows:. .-

Total Volume--or freshwater enterlng Indlan Arm- 41'cu;'m/sec.;'
(Dav1dson, 1979) 29 X 109 1: m/year =fR-f-:

';'Sal1n1ty of upper layer at IND .0 (averaged over - all crdisee)q"

1.1ppt=S . -

'Salinity of lower layer at IND 0’(averaged;overlallZCruises)f

26.0ppt’ =

Assuming a constant volume of Indian Arm and conservation
of - salt 'in the inlet; wusing-‘Knudsen's equations (from Saelen,”

1967), the Qolume of water,'V', enteringnthefinlet:is;

V'=,R;S/S'—S'=.5.55ux;109 cu. m/year: -

The volume of ~Indian .Arm: (D...Dunbar,g‘Pers;_‘Comm;)- iS'

approximately 2.25 x 10° cu. meters. Estuarine'eirculation.is.

potentially- capable of . replac1ng the total volume of - th'.~inlet.‘ﬂ5
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about twice per year._The volume of water brought info the inlet
by flood tides (see. next Séction)'is approximateiy 4.2 x 10'°
.cu. m/year..Averaged ovér a year;' estuafine' cirﬁulationl is -
responsible for about 13% of the water enteriné,lndian Arm. The -
estuarine circulatibn "makes up a ~small- part of - the  total
transport at:thevsill. At times .of maximum freSh:water.inpuf thg.}f
pérCentége .bfought:_infou'the' inlei‘.via' this mechanism-would .
increase.

The significant.feature of .this mechanism is its:.effect on
thé,,surface layers of water. in Indian. Arm. Although fhe inWﬁiS_“
SUperimpdsed..6n=_the '-domiﬁant' tiaél'  exchén9ej>'geSt9arine,f 
circulatioh éstablishes; a’ nét seaward movement,in'the;upper';
: laY¢r:oféfheiwater'cOlumn.. Over- manyT“£idal;.CY¢lés':this‘fhé£5 ‘
‘mOvémentlﬂwould>ube  an:effectiVe'mechanism:for theftranS§Oftjof¥
xzéoplénkfonfépééieS'living'iﬁfthef:near féurfaCe»:wﬁtéf,'off the = -

. inlet.. .

iii) .Tidal Exchange -

During the'study period, tides were the dominant transport
mechanism " at the Indian. Arm sill.> The leume-  of - water
transpofted dﬁriné ~a-tidal phasetWas-estimatea both byvéurfentwﬁ-
meter-and by tidal model. . S

| The current meter deployed- at Indian'0 ddring-1each;,¢ruise‘y
met with JQarying ,fsuccesé; The . ~meter"‘failed. to "work

satisfactorily during Cruise. 80/2 and the directional~ indicator

failed to opetaté ,during Cruise 80/12 resulting in no current

meter estimate ‘of volume: transport over these «cruises. 'An.
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example of the.CUrrent meter<data collected iS‘shown'ln.Figure 6
(from 'Cruise- 81/6). Figure .7 shows the data - generatedrby
ignoring the,cross channel components of- flow. In,Fiéure .6 " the
flow at both 20 meters and‘5-metersri5-shown to be predominantlytﬁ
northfsouthk or - along thev channel; cross channel~component5p
however, are evident. The north;sohth 'component-rof.'flow was
always :in the.direction of tidal flow at‘5;meters:<At-20'metersff
the flow is both smaller ‘in magnitude and more varied in its
response..toftldal direction.  The generalptrend,,however, is for
the flow at both depths to be in the .same direction as the tidal
flow. Table VI shows the calculated volumes of water transported’
across*the s1ll durlngjeachf‘of'-th w.tldal phases: over. vwhlch*"

currents ‘were measured' In. all cases the calculated volume-of

water transported across ‘the: s1ll ‘was’ in. the same d1rect1on1:’sll«5-

;it1dal flow, wh1ch is to be expected

The re51dual, “or net flow, at the end of a complete tidal .. ..

‘cycle'should;be close“tovzero‘excluding_the'.freshwater :outflow-
(ahout 13% of t1dal flow see“previous section) 4For~the5current
meter data the net transport (summed over- the t1dal cycle)

the same order of magnltude as the transport during an _entire
tidal_ phase,- andjiS‘oftenAlarger'(seerTable-VI).”Moreover, the
calculated‘net flow is often-up inlet, precisely=opposlte:to.the
predicted down inlet net flow caused by the 'freshwater.H‘These?
are"lndicators..of‘ thej-error- involved- in the Calculation of

volume transport with the sampling techniqueS;used:,There are - a

number  of possible explanations for these errors. Calculation of -~ .

the ReynoldeNUmber,at Ind 0 showed that. the flow wouldcbe»fully,~
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turbuleﬁti af_ any current velocity above - approximately 0.01
meters/secdnd.'This indicates that the flow is turbulent at any
time other than slack 'wafer. For a fully turbulent flow in a
channel there is a cross channel cufrent shear such that the-
flow. is;jat a maximum near the surface. in the center of‘thej
channel and falls.to a minimum near the ~boundaries. due to
»frictiohél effects. This  effect ié greatly intensified‘in»a-
channel of such highly irreqular boundaries as those found on
the-Indian Arm sill. The current meter at 5 meters in the center

of the kchannel*:therefore measured ‘a maximum flow, and the.20

meter current readings reflect a decrease in-. flow of : unknown . . .-

magnitude . presumably due to bottom friction. The current meter

-readings. give. no. estimate of:the reduced current velocities near -

théflateralfboundaries; Multiplyingaby'the~¢noss sectiQn»oftvthe.gg“

.chadnel.f fherefore results in an - overestimation’ of.,vdluﬁé
transport. In additioh, because,readings wére taken .on the order-:
of once ‘every half hour, .small eddies .induced in the higle:~‘
'turbulént_~flow reéulted'in cross .channel cpmponents‘which were
:treated as major .components to the flow in the'7chanhel{vduring -
the calculations. Sampling at a much higher frequencyvmight have
eliminated  these  cross qhannel components of eddies . by -
éveraging.'The sampling'frequencyv did. not”:enableu_these‘ high. -
frequency - events to be -averagéd .out. of the main flow. Other-
errors which could not' be avoided with fhé--sampling gear -

-avaiiable were -induced by movements. of the<éhip'while at anchor. .

Although these were minimized as much-as possible by eliminating . : -

readings - taken during latge_ship movements, smaller or slower
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movements were not always detectable, especially at night
For the above reasons, - volume transport .values obtalnedb

from current meter readings were not used in the calculation ofr_

zooplankton transport The current meter values were -used,'only- "

for comparison and  as an indicator of the general validity of-~

~volume transport-calculated~from the.tidal model predictions.  of

velocity. Table VI and -Table. VII = show the volume‘transportf“~'

calculated from the two series of ‘data.
Upon summation- over- the. single 'complete ‘tidal cycles .
~associated bwith the cruise times, it was found thativolume
tranSport calculated from the (tidaldvmodel also yielded very
'tlarge’inet flows. Unlike nthe_currentgmeter data;‘however,athe'
tidalvmodeIEWasrable.;tOJ provide 'transport wvalues “for ftidesl
;immediatelyfvprior ,tor and: -1mmed1ately after the sampled t1deh~
"Assuming that the total volume of Indian Arm was_,not inf flux i
’and that the net flow should be small, (equal to the freshwatersf-
‘outflOW), the~volumes‘of,waterrtransported'over'tidal-phases Qof.t
similar, uerticall change, regardless 7¢f direction;-:could be - -
~averaged. The result.Was an.average volume transport associated
with any large or small tidal change which was applicable to the
zooplankton ‘data from the cruise to which the volumes correspond- -
(see . Table VII).‘-It‘.was'felt that these average.valueshwould o
“yield a more.reliable:estimate of.longer term.transport-trends.
The-'applicabilitY' of model ‘derived.“data-'to_ the real. -
environment must always-befQUeStioned;vAny model isnobniously a-
simplification and the-tidalimodel is no exception.: velocities .

predicted are ‘those due to tidal action only and no -account of.
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freshwater outflow or other physical transport: mechanism 1is -
taken.: The model is based on the volumes of water needed to meet
tidél height,.requirements across transects through the inlet;
Volume transport across the Inde.»crosé.’section"is therefore
"based on the- volume"of water which must péss-this'plane.too'

account for empirically predicted tidal heights in . Indian Arm,"

Unlike the current meter derived - velocity data, the model -

velocities are derived from a volume consideration and are
therefore ~ averaged over the entire cross section. It is at the
sill that thetmodel will be the least'haccurate' (Dr. S. Pond,:
Pers. Comm.), although this 1naccuracy is prlmarlly in the . t1mé
scale of.predictions rather than its-magnitude..It was felt that

the- model would: yleld suffioiently,nreliable' data. .to - enable’

calculatlon of -generalaatrends,‘over'fthe stUdy fperiod;:~Theh'- B

'1naccuraCY'1n'the(times:ofbpredictedffIOWwaonld.mbe relatively:
unimportant as = the lprecise “timing of. individual tidal ‘events -
will not affect estimates of tidal volume transport over long

perlods of time . wh1ch was the. objectlve of the study.

-Transport of the Study Species

i) Corycaeus anglicus -

The - density of C. anglicus at each depth sampled over the

five cruises 'in the study area is. shown in Table VIII. A number

of general trends are. 1mmed1ately obv1ous. The species: is never ..

found in great numbers in the Strait uof Georgla -and- . 1is ~ most -

numerous in Vancouver - Harbour (Station VAN 24) and at 'IND 0.
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While it is more numerous in:Indian Arm than in the .Stralt of .
5Georgia, in general- it seems not to be present in- 1arge numbers
in deep water areas. C. anglicus is found over most--of the water
column at the deeper - statlonsA but is most numerous .at',theﬁ‘
surface - and tmid.:depths.- Manimum 'populationa“densities“ weree:~
recorded‘at'the time' of the fallicruise (October), in agreement -
with Legare (1957). |
Seasonal trends 1in the magnitude ef g.‘anglicus;transport
'across,the.Indian.fArm, sill ‘are concommitant with. -the  fall.
'.pdpulation- peak (see:Figure 8). Due to its'presence thrdughont»
the.year’in‘near.surfacelwaterfone would‘expect.;transpertg'qver
'.the-_sill on alcontinupns basis. Figure 8 supports this.'Alerude.v

est1mate of the - total transport t C.. angliCUS"between: each

'cru1se_ can “be gobta1ned by assum1ng that values calculated for'l,

eachbcrnise can:be applledwto all‘the'tldal.cycles-occurr1ng‘=
'the time- 1nterval Values for adjacent cruises were applied to
half the tldal cycles to est1mate the transport. between cruises.
'Table IX shows that the transport of C angllcus~hetweenncrurses
approximates (w1th1n an order of magnitude) the pdpulation'~of
the species .in Indian Arm calculatea at the time of the second
cruiSe.t

'The‘total'population of.a species in'anvarea?~shepld. be. a

function of transport-.(imigration and emigration), mortality .and

natality“~within:‘thef;area{‘ The-transport.values~show that ‘the . .

total population in Indian Arm-can-be accounted for. by ~exchange
over the "sill. Moreover, population. variations such as the -

decrease betweenuJannary 1981 (cruise 81/1) and “March 1981 "
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(cruise 81/6). are: accounted - for by. transportation out of ther
inlet as-seen-during the January cruise.~JFigure 9 . shows. the

average:-concentration. of C. .anglicus 'in the - upper 50 meterSNf
durlng its breedlng season in October. The large population_ at
VAN 24 -is an pbv1ous feature and suggestS‘arprefered breedingej‘
. site and a major sohrce,of this species. Although no 'counts of -
juveniles IOr“'egg .clusters- were -made for- thlS spec1es and no
conclusive evidence can be presented regarding the ability of C.
anglicus to reproduce in Indian ‘Arm, the transport data . suggest.
that.mortalitf and natality play a minor role invdeterminingvthe
population. density"of 'thie ,species;in Indian Arm. It is thus
suggested}thar.the.ihlet-populatioh.is primarily a result of

transport acressutheUSill-from Vancouver  Harbour.

ii) Euchaeta jaDonica,.f

The depth distribution .of E. agonlca during the five
crhisesiat each station'is. shown in Table. X;i The - apecie5'7is
preseht in the“Strait of Georgia and in-Indian.ArmAat-allrtimes
of the year but 1is abseht from Vaneodver Harbour and the . Indian
Arm sill from March until = January. Exchange of this spec1es
across the sill was therefore observed only durlng the winter .
months.- |

'The’ species is~fouhd in large numbers above,sillldepth in;

‘the Stralt of Georgla- and. in:.Indiahv Arm"in..October. Tidal

exchange«~of water and plankton are ‘known to occur at:this~time,f'-e

yet the population in" Indian . Arm appears to be  unaffected..

TrahsportvxwaS' observed duringn‘Cruiees 80/2.and.81/1fonlyhand‘f
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calculation of the exchange of E. japonica during the"winter
mdnthsvwas carried out using figures derived from.bnly these two
.cruises.: Transport was assumed to commence . sometlme between the
October cru1se and the January cruise and was assumed to “have
terminated sometlme bafter Februaryf'a5u1t was not observed in
March: The numberS»of E. jaQoniea~ exchanged over the- w1nterd
peried-cffNovember, December, and January are given in Table. XI.

Transport ' off E. japonica seems to have little correlation with
the den51ty of the spec1es in Ind1an Arm as shown in the same
table. . A «net -transport into the inlet is calculated for thet!

winter months yet available .measurements-.of'»post:~w1nter~n(or'

transport) conditions (Cruises 80/12 and 81/6) show a decrease .

in the population. Cruisen 80/18, . an :example: of ~pre’ W1nter‘a

conditionsﬂ .Showsv larger populatlon in Ind1an ‘Arm: than both

“dur1ng and after the- period of exchange.w Thrs--lmpl1e5f.thatt'“\

,transport'thas a relatively'small effect on thefpopulation*and:s‘
that.other factors .such 'as’.mortallty~ and natalityu are the
dominantp-factorsrdcontrelling population density of;tne'species
in. Indian Arm. | | | |

" Table XII shows “that E. japdnicav 1s present . in uater

. transported across the sill_primarily.as a Stage III copepodite... .

vThe'table'shows'that”thexhigh density of'Stage IlI's-at the'sill"x'

“is not- 51mply a result of higher concentratlons of this~ stage in .
Potent1ally exchangeable‘water. Flgure~10,shows that's1ll-waterf
exchanged.over-the'tidal cydle during'thev‘January- l98ld cruiser
was: - mdst ~similar in temperature and salinity . propert1es (andw

presumably 'in other blolog1cally 1mportant propertles .as~rwell;- g
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- e.g. :Bary, I963),to water from the upper 10 meters of Vancouver
Harbour.and water from the upper 30 meters.of »Indian Arm, .. The
:percentage ot Stage 111 E. japonica in this water is

considerably. less than that found in tidally exchanged water
above .- the sill.'It‘is-interesting to- note, however, that in the

Strait of Georgia, ‘water which 1is -above sill depth, . ‘or

hydrographicallyi'simiiar.to that. which is, (see'Figure 10),. has
a similar percent composition of Stage III copepodites to water

found. over the sill. The._high _percentage of Stage III.
'copepodites infthe Strait’ofu'Georgia -is not thel reason for
winter transport - per se..‘Potentially‘ exchangable\ water  .in
October~(Cruise 80/18, see. Figure - 18) shows:Wa-Isimilar"high
’percentage .of ‘this- stage (see. Table XIII) and: similar densities. -
to . those found 1n January yet transport does not occur.

| | Reasons for the lack of transport durlng “the - summer. can
only bej speculated upon as the data obtalned durlng thlS study'
do_not explain the anomaly. A-breedlng'populatlon of E. japonica
exists in both the Strait of Georgia and ‘Indian Arm at this
time.- ’The»'presence of- ‘juvenile stages <(copepodite: Stages
I1,I1I,and III)visvevidence of this. (see Table XIV). In spite of
1)‘observed exchange of water between the two“areas, 2) evidence
of the _exchange;gof other ' species, and 3) the-presencevof E.
japonica‘in.potentially,exchangeable water, the~populations, are
isolated for much - of the. year. ‘It 1is possible that summer -
- exchange ‘occurs v1a naupllar stages which: were not identified or .
counted. E. japonica spendS'approx1mately 20 days (Evansr. 1971)~

as a. nauplius .Iarva, ‘which is enough - time for it to be
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trensported from the Strait of Georgia into Indian Arm: or,.vice o
versa. The’ complete-abeehce of,Stage>I and II copepoditeS'from.:l
both Vancouver Harbour and -ind' 0, however;‘ reduces  the
likeiihood' of such an .occurrence. Furthermore,_EvanSr(1971),
states that the naupllar stages - are seldom observed ahove~ 100
meters in.'the study area. Their exchange across the 20 meter .
sills thus appears unlikely. A possible explahation for the lack
of summer transport is the presence of biologically, inadequate
conditions in the waters of Vancouver Harbour and the Indian Arm

sill.

iii)fMetridia'pacifica

- " The. density: of MU ‘gacifica insfthe';study area-at. eachr,c

~ station .on .each cruise.is shown. in Table . XV. The' spec1es ist o

common . at- every- depth sampled and is found throughout .the year.
,Transport across-the sill at IND 0 was observed on each cru1se..;

M. Qac1f1ca is knownuto,exhlblt a strong diel migration
(Stohe,- 1977) and,.evidence“-of,:this'»is ‘shown in Fioure 31.
AStation’FRA}1 was sampled during daylight.on-Cruised80/12 and at
night on Cruise 81/1. The daytime sample shows the - majority of

animals at mid depth centered. around 100 meters,‘whlle ‘at nlght

‘the populatlon was concentrated near. the surface. At Statlon IND. -

0, evidence of the diel m1grat10n=was seen over a single cru1se."
_Table XVI sths-the denSities,of M. pacifica at each depth over
“the tidal. cycle during the day and during the nlght vin October
(Cru1se 80/18) Results of .a t-test to determlne“differences

between_day»and night densities show that the concentration of
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VM. pacifica was significantly higher at night regardlésS'of the.
direction of tidal movément. However, a similar test for all
data from Cruiseé 80/12 and'81/6 found no significant‘differeﬁce”
between the twé setS'of_samples. Cruiéé 81/6 data from only 20
meters, hoWever;fshows a highly significant. increase. ét- night-
- (Table. XVI). |
Transport of M. pécifica across thevsill‘durihg each’cruise 
is shown -in Table XVII. While transport occurs throughout the
year, tHe,directiqn, of nét transport 'seemé to have little
correlatién with'seéson and shows no~clear'trendsvover;thé-stddy
period. ' The total number “of animéls eépimated to have been
Jtrahsportea between eéch cruise. was . calculated by -averaging
- values . from -adjaéentf cruises :oyerithe numbe:~bf“tidal’CycleS»
‘which tboktplace.in the time.interval*bethen~thercruisesu;Thére’
JWés “littié 'correlaticn-~bétwéeﬁ, trangport: ahd.-tthé.' totaii
population of M. pacifica in -‘Indian- Arm at the time of. the -
second cruise. The - population seemed to remain 'relatiyely-
constant A(within confidence limits) over the first four cruises
yet transport over this time period varied both in magnitude‘and-
direction. The population decrease between.Cruise 81/1 -and 81/6"
is supporfed by the direction,of net transport.at~this,time; but

only - accounts . for approximately 15% of thefchange; These'data"*

indicate that transport has a minor .. effect fon"the..population;v:

densities - of the species in Indian Arm -and that factors. such as
seasonal breeding cycles and mortality probably - pléy a. more
dominant role. The lack of correlation between net transport and-

seasonal breeding cycles. .could also be “an.-a:tifact of~the"
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sampling procedure. The species occurs. in high densities in ‘the

upper . portion of the water column and it is not unreasonable to.

assume that the distribution is patchy. The-adVection-of.patchesqv.~5

of this species across the.sill by,tidal cufrents_would’ producee
variability in the density:of the specieshwhich:con1d~have-been_'
missed by the sampling - interval nsed.- The coeffiCientT‘of.f
variation- (CV),l calculatedf:for "M. pacifica (see Table V),
however, does not indicate high degrees of patchiness. (Samples
from wh1ch ‘the CV.calculation were made were all taken from the
same location. over a short perlod of time. )

Where depth permlts ‘the diel m1grat1on of ‘M. pacifica will
take the animal below' sill~ depth and out' of = potentially
:exchangeable:‘water; In shallower water such as‘ove:'the sill,}
the an1mal may mlgrate to a pos1tlon .yery“near:,the 'sedimenc—d
‘water' 1nterface, depths wh&ch 'could. not be sampled with the
equipment ava1lable.‘ The e .diel *migration»,ofe zooplankton 1is
thought., to - be made in response to changes (or rates of change)
in ‘light 1nten51ty such that daylight 1causes“a . downward
migration .tov a _depth of-snitably'low:light.‘In‘shallow water
this depth may be'unattainable.but a vefy close association with
fthe'sedimencewatef'inte;face'_or~ eVen.,anslimmersiona into the
sediment (Lewis, Pers;;Comm,), might~prodnce the necessary light -
conditions; ,If.rsnch s the case,.animals carried into shallow

water by tidal - currents -will® have a greatly reduced  or

negligible ‘transport-: during -the  day by currents in the water_-»“

column. above» them. At -night' as they move  -away: from ~the

sedlment water interface, they again become suscept1ble not only ..
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to -the current in the water column but also the sampling. -
equipment. | |

Trahsport of M. Qacifica':is; affecfed-.in"a QUantitative
manner by the diel-ﬁigration‘suchlﬁhat exchange of. the species :
occurs mainly at night. The'effect 6f .this migration may . at
fifét‘appear,to have an effect oh'diStribuEion;vhowevef, because
the migration . occurs throughout the year and the species is-inr
potentially exchangeable water each time it nears .the surface,
there will be no effect‘on'the-overall.exchange._The.IOng-term .

effect of this situation is to allow continual éxchange - of the -~

populations : in the Strait of Georgia and in Indian Arm. This. . -

suggests that they: can  be ‘considered a single . population,
exposed - to different environmental factors dependinghuponLtheir~

‘location.-

iv) Eucalanus: bungi

E. bungi was the least abundant of the copepods chosen ‘for}
study. Its density at each station over the study period at each
dépfh'~is _éhOwﬁ' in Table XVIII. Immediatly obvious. is the
ontogenetic vertical migration exhibited by this"speciés iﬁ the-
étrait of Gedrgia.-.The overwinteriné pépulation ~1s seen to
occupy-aeep water. (below 150;meters).’During the‘summef.they.are
scattered Qver»much.of the water- column. and pfesentVMin near
Surface water -in large numbers. By fall (Cruise '80/18), they are’

again scarce in the upper water column and found mainly in deep -
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water. A fufther characteristic tO'be noted from this table. is
the complete absence of this speciés.from the_upper'100 metefé
of Indian Arm. This is in accordance with the distribution :seen
by Krause and Lewisv(1979); |
Figure 12 shows that the ontogehétic migration hés severe

famifications on“the exchange of_g.'bgggi‘betWeeﬁ Indian Arm and
the Straituéf Ceofgia.:From the data( transport: over the sill
appears to- occur only during the summer when the species is
present in sufface water in the Strait of Georgia. This spécies
is not preéent in the potentially exchéngeableuwater of Indian.
Arm'(Figufe 13, Table.XVIII);‘The.data indicate that - specimens:
found . in,Vancouyef Harbour and'at:IND 0 had théir ofigin.ih‘the
Strait = of fGeorgia.}uand that.A_transbort' _iS ﬂppimgfily;
unidirectidnal.,, | | |

An éStimate"off the -tbtal'éeaSOhalutranspdft‘Qf;gﬁ'ggggi.
écross-‘thé 'sill is'. shown in. Tabie XIX. 'Trahspor£ values
calculated} from the data collected 'during.Cruise-80/12 were
multiplied'by the‘totélanumber of»tidalvcycles in whiéh;g.;ggggiw,
occupiés neér surface'(potenfially.éxéhangeable)» water - in  the
Strait. of‘ Georgié. Krause . and  Lewis (1979),vfound that peak.
populations in these waters -occurred in June and July, dropping
shafply in ‘August. Transport was estimated to have occurred over
’a-.£w6~ and . a half monthjperiod'ana.Table XIX shows thatxsucﬁ a
pefiod'of transport can account . for the entife overwinteriné
4population‘ in'-Indian Arm.j The 'transport daﬁa.sﬁggests fhat s
natality within the inlet has little influenée~on:thebpopulationw

-and that the dominant process governing population density is
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exchange across the sill. This suggestion is supported by the
distribution of vounger copepodite stages (Stagee; I, II, and
I11; Table.XX)'during the breeding seasen (Cruiee 80/12)6:While
tne presence of these stages in near surface.watef of the Strait
of Georgia indicates a feproduciné population--they‘ afe..never
observed - in Indian Arm. Lack of a breeding‘populatibnain Indian
Arm is'supPQrted by similar data from Krause and Lewis (1979).
E. bungi appears to be transported across the sill
primarily as ‘younger copepodite stages, in spite of the fact. .-
that these stages are never seen in Indian Arm'(seesalso - Krause
and Lewis; 1979) Data from IND 0 (Table XX) show that- theF

_transported organlsms are-all younger than Stage ,IV"and that,

51m11ar to Euchaeta japonica ; the prlmary'dlspersive'stages of
_.-_gggi,seemvto'be.the‘young.copepodites}}a .
| The daea’suggeetlthat there is no breedingnpopulatien of E.
bungi in Indian .Arm and that animals observed in the inlet-,are.
solely' a result of summer transport. The fate ef.these animals.
the folloning;spring when they migrate into surface water “to.
~ spawn is‘.unknown. No data ‘on the horizontal or vertical
distribution of E. bungi in the vicinity‘of Indian Arm at the
.time of the onset of the upward migration is available. However,
two possibilities exist, ;first‘ that the organisms might migrate :
into near ‘'surface water as they do in the Strait of Georgla, but
vbe carried out of the inlet by the seaward flowing upper layer.
‘The magnltude‘of_thls flow_would be at its seasonal peak - as a
result. of spring.run off. Such‘a situation would remove all E,

bungi from Indian Arm except those which failed to migrate; no .
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juvenile Stages would be.observed ‘and no anlmals ‘would be foundxv

in near surface water follow1ng the mlgratlon; A similar

situation haS'been'observed-1n'Knlght.Inlet (Stone,-1979) whereu--‘

surface dwelling -plankton are 7comp1etely» advected.tfrom-the't

.headwaters of the' inlet' under conditions of highu run . off. .

~Second, .E. ung m1ght fail to migrate -into surface water in

Indian Arm and be,unable.to-complete:its life cycle. Vinogradov .

(1968) - states that migration of this speoies might be triggered

by variations in water -temperature. Such seasonal changeS*'Would»x.
have tor occur .at depths belowh?édo fmeterS"tO» affect the
voverw1nter1ng pOPUlatlon. In. open.ocean ‘situations,"suohf_déep
seasonal _changes ab .tsmall>:orv'nonexistant’u'Penner-*(1978)d

sUggests-that«a~more.plauSible.trigger~to-the sprlng migration;'

i_1s the 1ncrease 1n 51nk1ng detrltal materlal caused by the" onsetf'*\

iof~ the sprlng phytoplankton bloom Flgure:14wshows‘that'changes
in the temperature of Indian Arm bottom water‘-arer quite:'smallw
:.and havefno»seasonaispattern butﬁshow.a continuous uarmingdtrend~t'
"iover rthei entire study perlod Seasonal temperature changes dO'
' occur 1n‘the deep- water of the Strait of. Georgla (Plckard 1975)5'
although Penner (1978) found that the wupward migration - of E.

‘ bungi had- started before any -such change had ‘occurred. In-Indian .

Arm the- t1m1ng of the bloom varies but is a domlnant feature of '~

bbthe seasonal cycle of primary production (Gilmartin, 1964)' nd
could prov1de the';necessaryg cue.._The~ t1m1ng of the upwardrf
‘migration 1n'relation to the,onset'of the - spring- phytoplankton;
hloom* has not 'heen‘_studied' in_ sufficient~.deta111 to allow

‘deductions regarding “its Causer’iHowever;~ any appreoiable*
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advection of ‘phytoplankton detritus out. of the inlet by

estuarine circulation could reduce the stimulatory effect.

Zooplankton Community Changes at IND 0 Over a Tidal Cycle

Data,analysis‘bn.the fdur copepod speéiés bchozen, for the.
transport study} éentered on.seasohal-ﬁrendé; the interactioh.of
depth.-distribution' and life history patterns with transport 
processes, and the effects of transport on the population in
Indian Arm. . Corequisité to-this was an analysis of changes and
patterns in the - zooplankton community and - hydrographic
propérties» which were manifested over the much shorter time
period of a single-tidalvcycle.:Unlike a river‘fed.estuary,- the.
sill prbvidés a location _which, over a tidal cycle will bevf
subjéctéd to.marine'ihfluence on'bdth flood and. ébb tides. As
water is exchanged across the sill by tidal currents_one-might'
expect the zooplankton community and hydrographic properties to
change . depending .upon the source of the water and the degree of.
mixing it  has - underéone,: Both. of 'thesé. variables <can . be
investigated wusing température aﬁd salinity characteristicé as
conservative tracers;

Figﬁre 15 shows the tidal cycle_ahd>the sampling  times ..of
Cruise V80/18 (sample numbering is in a code related to Cruise
80/18 and - -has no meaning» apart  frém' the: sampiesv being
consecutive). The semidiurnal nature . of the tide is obvious..
Large fluctuations in both temperature and salinityx take ‘place
in the 'surface water (see Figures 16 and 17)>due’to the strong

influence of local precipitation, runnoff, and other weather
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patterns. Such fluctuations decrease sharply”Wifh depth.

Figure 18 shows the temperature and salinity
characteristics of water at each station in-:the Stﬁdy, area - at-
thé time of the cruise. Although fhe éoldest‘temperatures aré_
found in Indian Arm deep water, stratification 1s such that near
surface water ~(potentially exchangable - acrossi‘the »siil) “1is
considerably warmer, and water resident. in Vancoﬁver.Harbour.is
both cooler and more saline. Water found over the sill during a
- tidal cycle will.. be. a mixture of these latter two types .of"
water, its characteristics dependent.upon the ‘relative amounts
of each.presen£ at ‘any given time.

Surface water ‘at hour 14 (sample 14) shows the largest
change in both temperature and salinity (see'Fighré$~16 and 17). .

Its Correlétioh_with“the'fidalbéyCle and thégréaSOh*it should be
so‘aifféreht from;adjacent  éampies is .diffiCQIt :to éxplain.
Fiéﬁre.'19 shows the fime progressive T/S plot for waﬁer af 0
meters. Two»characteriStics beaf .noting:v the -ektent ~of the
. difference of the water from sample 14 and the similarity-dfvthe .
water. from;>samples 16, 217,_ and 18, 311 of‘which were taken
during the séme flood tide. This similarity is probably due to
intense . vertical mixing of the water as it moves through Second
Narrows and over the Indian Armasill.créating a more homogeneous-
body of.watér.r

The zooplankton cémmunity at -the sill:is more likeiyﬁtoﬂJbe

‘influenced - by ‘changes in the characteristics of water .below 5.

meters which accounts for approximately 90% of the water column. .

Changeé in the hydrographic properties of this water take place-
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over the tidal,'cycle; Furthermore, these changes can be
correlated with the direction of tidal movement and the source:

of the water. Fiqure 20 shows the time progressive-T/Sdplot~from

each sample time ' averaged over the deeper part of the water . -

.column (5,. 10 . and 20 meters). . Correlations between
characterlst1cs of the deeper water and the t1dal cycle are more-
obvious. The coldest and most saline water-occurS*towards the
end of, and immediately after, a large flood tide - (samples 11,
18 and 19), labelled Type A. Figure 18 confirms that this is to
be expected from water originating in Vancouver Harbour. Samples
12 and 13, . labelled Type B, appear to be very similar to - each
other ~'and although warmer and fresher than the previous group,-
are still more saline than othef_water sampled over  the tidal.-
cYCIe;J Samples 12 and 13 probably reflect ‘a slight m1x1ng of
Indian Arm water with the water brought into the 5111 v1c1n1ty
during the large flood previously discussed. Water from samples
14, 15, 16, and 17, labelled Type C, are the least saline water
found "over the tidal cycle and occur during and immedlately
after a large ebb. Fiqure 18 confirms that water advected oUt of
Indian Arm will have these characteristics.

The eight  most abundant ' copepod species were plotted
against the tidal- cycle 'and..analysed using a- Spearman Rank
Correlation Coeff1c1ent for changes in the density which could
be correlated ‘with tidal height. Figqure 21 shows the four most

abundant copepods and the tidal cycle. Oithona helgolandica was

the only species which showed a significant correlation, greater

densities being found at times of high water. Figurev22 shows
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the second four most abundant copepods, two of - which showed a

significant correlation. Corycaeus anglicus was found to be in

greater‘densities at times of high water, and Calanué pacificQS"
at times of low water. |

Two . 1indices of diversity were calculated, Simpson's
(Simpson, 1949) which is sensitive to éhanges.in éommon species,
and the Shannon-Weiner (logs‘taken to base'2; Patten,1962) which
1s sensitive to changes in rarer species. These indices and
percent dominance (McNaughton, .1967) were .calculated for the
community - as a whole, for copepods only, for all 6ther
ihvertebfates,’ and for all other'invertebfates,minus larvaceans
and-siphonophores (whicﬁ méke up -85% of the:'numbers-‘of 6ther'
invértebrateéi.' Thésé data*were'plottéd against the tidal Cycle
' and=ana1ysed usingeSpearmahr Rank“»CorrelationQuCoefficient ;for
changes ‘which seemed to be  in Vphase with tidal height‘(see 
Figures 23, 24, 25, and 26).

The 1inverse relationship }between percent - dominance. of
copepods and tidai height was -statisticélly significant,
increasing on an ebb tide and decreasing with the flood ( Figure
24). Simpsons index of diversity for copepods was  positively
correlated with tidal height and both this and the Shannon-
Weiner index showed distinct minima reached -at times--of low -
tide, most notably for Simpson's index (more commoh,species)..
These characteristics“could be due to a fjord copepod comhunity,
“dominated by only a few copepod'species, which is moved- towafds
the sill during the ebb tide}‘ | | |

The diversity and dominance of other invertebrates ( Figure
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25) does not show a consistent reiationship to tidal height and
no significant correlation was found. Maximum diversity for both
indices is reached during tne -large ebb  tide and minimum
diversity occurs at the end of the major flood tide. These data
points are due largely to changes in ﬁhe densities of larvaceans
and siphonophores. When these two very dqminant groups' are
removed. (Figure 26), these maxima disappear. The remainder of
the invertebrafes did not show significant correlation with
‘tidal height. Diversity and dominance for the total zooplankton
community ( Figure . 23) probably  strongly reflect the
overwhelming influence of the large numbers of la;vaceans and’
siphonophbresr-.

- An analysis of,Variance using.a,randomizad,»complete-.block
design for one‘raplicate was:calculated.for‘the-total_denSity~at
each sampling time. The results show a significant différence (p
=0.05) 'in the numbers of copepods caught at each sampling time,
‘indicating that Significantv changesi in = copepod densities do
occur: over the tidal cycle. The question then to be asked is do
these changes occur in‘relation to any identifiable physical
parameter? |

Three different parameter7relationships were statistically
tested to answer this question:
1) The community might show a variation 'inn
relation to the direction of tidal flow which
could not be resolved from the graphs previously .
analysed.

2) If the population has a significant number .of
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diurna1~ver£ical migrators} the communityv might

show variations - between samples taken at~night

and during.the day.

3) Based<bn hydrographic data, the water moving o

over the sill could be grouped into fhree

categories based dn-'similar temperature and

salinity characteristics (see Figﬁre'zo)L The

zooplankton community might vary between - these

water types._ ‘ | |

Samples were divided into those taken. on ‘an ebb tide

(NumbefsAl1, 14, 15, and 19’ and those téken during a flood tide
(Numbers .12, 13, 16, 17, and 18, see Figure 15) and a U-test
used to test a number of  different parameters and species
denéities féf significant differences.between:thé two;.There-‘is.
aV. sigﬁificant increase  (p = 0.65) in the numbers of
siphonophoreé-during ebb tides,'suggesting a larger population
of these . animals in Indian Arm than in Vancouver Harbour.'Both
Ehe Simpson's and Shannon—wienef index indicate a higher
diversify of other invertebrates during ebb tiaes (p = 0.05).
This could be due to a more diverse community of invertebrates
in Indian Arm than in the shallower region of Vancouver Harbour.
The reason for»parametefs having a correlation.-with tidal height
yet shbwing= no diffefence between ebb and flood tidal phases
might‘be theAstrict"division«of samples between ebb and fiood'
based on ‘sampling time. Hydrographically, it is difficult to
decidé in which tide a sample taken  within én' hour of slack

water - should be placed. Evidence .of this. can be seen more-



50

cléarly in Figure 20 showing the - changes in thé hydrographic
properties. - A comparisonv with Figure 15 sths that water
characteristics do not fluctuate strictly in unison with tidal
direction.

) Sampleé weré then divided inﬁo those taken during the day
(Numbérs 11, 12, 13, 18, and 19) and those taken at- night -
(Numbers - 14, 15, 16; and i7). A U-test‘was run on a number of
different species densities and other community parameters to

test - for significant differences between the groups, results of

which are shown in Table XXI. Two of the tested .parameters

showed significant differéncés. . Corycaeus anglicus had higher
densities-dufing the day, a trend' whichb_is. opposite to that
expected 1if there was a diel migration. The data were thus not
ihterpreted~as evidence-of migration.'Euphausiids, however,viare
knéﬁn‘ to. be strong diel migrators ' (Bary, 1967) and we see -
51gn1f1cantly hlgher densities at night than during the day (p =
0.5). Two factors might contribute to this-increase:

1) Euphausiids in Indian Arm which . during the

day ‘haée‘ migrated into 'déeper water and are

therefore unexchangable, might move into near

éurface water at night and be carried over the.

sill by either tidal currents or the seaward

flowing surface component of the estuarine

circulatioﬁ..

2) Euphausiids which might permanently inhabit

the shallow areas in the vicinity of the sill

might migrate to depths in such close proximity
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to ‘the sediment-water interface so as to be
ﬁnavailable'»to ‘the sampling equipment used.
During the night; their upwérd movement would
increase their catéhability.
It is interesting to compare these vertical haul data to
thoée derived from the Clarke-Bumpus netS'ﬁsed in the‘transport
study. A significant différeﬁce (t-test, p = 0.05) waé foundv in

the density of Metridia pacifica (a known diel migrator),

between day and night .= samples wusing -Clarke-Bumpus néts (see -
Table XVI), yet ‘the vertical hauls failed to show this for
samples taken at ﬁhe same location at the'sahe time (see Tablé.
XXI'). This discrépahcy.bould be'dﬁe to the previously discussed
patchy nature of the »distributibn .of this species, and the
féilurelfoff a' single..vefticél“haul 'to:adequately‘sample‘the‘J
comﬁunity; The Clarké—BphpUs nets;rwhich integfate over a larger
horizontal distance, might qﬁantitatively sample a patchy
.species-more effectively.

The final hypothesis to. be tested was that there were
different community parameters or groups of zooplankton carried
over the sill that: wére associated with the hydrographically
discernable water " types chéracterized by = temperature and
salinity  shown~injFigure120; Such an association has been noted -
in the open . ocean in space (e.g. Bary, 1963) but in the
literature few 'exampleSJ exist of variations over time at a
single station. A notable exception is Stone (1977), Qho-
documented water type and' copepod associaéions on a seasonal 

~ basis in Knight Inlet. Data presented by  Stromgren- (1975),
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indicate that copepod diversity could be a function of the
circulation»ofvthe fjofd, specifically of the transpdft in " the.
upper part of the water colunm.

The water charaéteristicé. were  divided intoA the three
groups discussed earlier (see Figure 20); type A'.cémposed of
samples 18, 19 and 11, type B of samples 12 and 13, and type C
of sambles 14, 15, 16, and 17. The only stipulation ' imposed on
these groupings. was that samples within them should be
chronologically consecutive, a logical'restriction when - looking
for . trends -or patterns withih-‘ascoﬁtinuum. Sample 11 can be .
considefed'aé,occufring'both beforeisémple 12, and‘aﬁter‘ sample
19.as the tide at this point had completed an entire cycle.

The relationShip of the above hydrographic gfoupings to the
copepod data waé»tested~by calcplatinggKendail'swcoefficient of .
'concbrdanéé of- copepod densities for ‘pairs of consecutive
sampleé' over the. tidal cycle, ( Figure 27). The three highest
levels of concordance each support the groupings made based . on
hydrographié data. Similarly, samples at the beginning or end of
any group show - a . highef‘concofdance with the adjacent sample -
within their group than with the adjacent sample outside their
group in‘each case. This is most obvious: between samples 17 and
18. The decision‘tO-place samples~11 and 19 in the same group is
strongly supported by the concordance data. -

A Kruskal—Wallis one way analysis of variance“was -used to
test for differences between the three water types in'a number
of community parémeters, the results of which are presented in.

Table XXII. There were significant differences in the Shannon-.
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Weiner and Simpson's diversity index for copepods. The community
in water type A, at the end of ' the ’major ‘flon - tide, had a
higher divérsity than that of the ofher watéf-types.found at .
different -times over the sill, This pattern ‘is opposite:to . that .
found by -Stromgren (1975) in twd- Ndrwegian fjords whefé an
increased exposure - to coastal water led to a decreased
diveréity. A possible éxplanatidn for this discrépandy,might‘ben
differences in fresh water influence. The Norwegian- data . were .
obtained at a time of low run off, but in Indian Arm, the fresh =
water input of October‘might be'expected'to result.inu a higher
diversity of marine plankton in water originating inAcoésfalv,
:egions due to thé'increasing~estuafine conditions encountered
- towards the: Héad of the inlet. The only testedfcopepod,whibh'b
showed a signifigant'change in density assoéiatedfwith the water
tYpeéﬂwaé g.-anglicus which was foﬁnd to be in highef'hUmbersyin'
water type A.. This supportsvthe data presented in the transport
chapter ‘on this species which indicated a Vancouvef'Hérbour ’
origin of thié species;.No significance could be found  in the -
aésdciétion of changes in other parameters with water type.

The most distinct changes 1in the copepod community are
manifested over the. tidal cycle not in relation to the direction
of tidai .>f1ow, directly, but rather in relation - to-
Hydrographically disCernable ‘bodies of water advected Qver‘the ”
sill by tidal currents. This. suggests that turbulence and mixing
inducedvby the boundary conditions of the fharbour"'system are
-such that wéter properties become temporally dissociated from_

tidal direction. The source of the water, however, .can be traced
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through hydrographic properties. Water associated with the  end
of 'a large flood tide was shown to be the most unique in terms
of community parameters. Wooldridge and Erasmus (1980)'vhave
shown that certain zooplankton species utilize the tidal
currents via behavioral patterns to maintain themselves. within
an estuary. If such were the case at the fjord mouth, oﬁe would
expect to see significant changes. in spéqies densities in’
relation to tidal direction, whichbtherdata did not show. The
importance of maiﬁtaining position within a fjord might not be
so critical to . the survival of a zooplankton as it is in an
estuary where,watér conditions are drastically different from
coastal water.

Community changes associated with the types of -water were
- more prevalent in copepods than- other - invertebrétes. Moreover,
these cﬁanges were found at tﬁe commﬁnity level father than at
the species level. The reason for thié could be .due to the
influencé of rarer species of copepods- on - the diversity
indicies. The changes occﬁrring in the density of these species
over the tidal cycle couid not . bé diStinguished with the
techniques used in this study. More numerous species did not
show changes over the tidal cycle. An  exception . to . this
generality was found for C. anglicus which had a source in.close:
proximity to one side of‘the.sill. buring>the.summer,-a similar
response might be'eXpeéted~for E. bungi as it also has a source

. on only one side of the sill.
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CONCLUSIONS

The effect of physical transport on the “zooplankton
community of Indian Arm was ‘investigated through. a detailed
study of a series of:key copepod 'species. The data indicated
that  a general-.statement on the effect of physical tfansport,
encompassing the whole zooplankton'community, was not possible
due to the .unique nature of each species. Species specific
differences, oceurring- primarily as a result of different
behavioral = patterns, resulted ~in differing ' tranSpert
charaCteristies among;the‘study species.

The data showed that a quantitative estimate ofrzooplankton
transport. across the inlet mouth wasapossibie. The ' accuracy- of
the estimatev-depended ‘upon ‘the resolutionm offlspatialv and
temporal changes in the zooplankton community as. it cressed - the
sill, and on the accuracy of the volume transport caicu1ation.
The variability of the data revealed distinct iimitationsAin the
ability of the technique to vresolve smaller changes. This

variability seemed greatest for more abundant species such as.

Metridia pacifica . The reasons for this were probably due to
the * patchy nature of the species distribUtioa..In such a case,’
estimates of transport over short periods  of time such  as -a
aingle tidal cycle were -leaet reliable. EXtrapolated over -a
season, . -however, general trends .could be shown. Fof 'lesa

abundant species, = such as Eucalanus bungi , the results were

less variable and'transport,estimates”over a ‘single tidal cycle

seemed more reliable. These data could also-be extrapolated over
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an entire season and showed close correlation with observed
population trends in Indian Arm. Because of the  time interval
between them, the cruises yielded data which could only be used
to describe general seasonal trends in the transport of the
species studied. These seasonal trends indicated the'varyidg
degfees to which transport affected the resident population- of
the studied species in Indian Arm. |

The study showed that the variability in the transpoft of
different species was primarily a result of biological processes -
within the wéter rather than changes in the magnitude of
physiéal »t;ansport..Changes in species abundance'in.potentially
btrénsportable wéter were orders of magnitude larger than changés
in the volume gxchanged,ac;oss-the«sill;-This generalization 1is
trUe;' however,"only"under  the .physicgl traﬁsport.‘regimes
studiéd..Fo: example, a density driven intrusion:whichvcould’not,
“be studied; would result in very large changes in volume
transport, possibly of the same order of magnitude aé the
biolbgiCal changes; and thus profoundly influence the magnitude
of zooplankton transport. |

Species specific behavior patterns seemed to have a most
dramatic influence on transport. This conclusion is similar to
that reported by Sands‘andeyendsen (1980) for data collected
from a Norwegian fjord. In Indian Arm this was a result of the
transport 'mechénisms béing' a neaf surface phenomenon. The
‘physical presence of the shallgw-sills, their induced vertical
mixing, and the lack of a deep water intrusion precluded the

exchange of water deeper than‘ sill depth and hence of the
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animals associated with it. Animals which exhibit a vertical
" migration, such as the diel migration of M. pacifica or the
ontogenetic migration of E. bungi , were transported across the
sill only during thoseAperiods when they were present in this

exchangéble water. Animals which exhibit an ontogenetic depth

preference such as Euchaeta japonica were . transported only  at
that life history_stége which occupied water above éill depth.
Organisms whose entire life history was 'spent in .potentially
exchangeable water .and were ,Eolerant of the surface water

conditions, such as Corycaeus -anglicus , were exchanged at all

times of the year. The magnitude of this exchange‘was a functibn
of the seasonal density of the organism, and was thus clbsely"
linked with the breeding cycle.

'One'cah spéculate that.a second prerequisite for..transport‘
was the ability of the -organism to survive the physiCal.énd
biological conditions in the exchanging water. Hydrographically,
this included strong horizontal gradients: in temperatﬁre and .
éalinity ‘induced by the intense vertical mixing over the.sills.
Organisms "also had to be tolerant of biologically .active
chemical elements present in the water. This is a possiblev
explanation for the anomalous lack of transport during the
summer of E. japonica . Furthermore, both E. japonica and E.
bungi 1wére» transported mainly as young copepodite stages,
despite the presence of other life history stages in potentially
transportable water on either side of tﬁe sill. This could be "
due to an ihcreased tolerance of'these sfagesv to near —surfaée‘

water conditions.
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The effect of transport on the populations inside Indian
Arm varied with species and was dependent upon the survival of
the organism in the 1inlet, 1its ability to tolerate the
conditions of.transport and the magnitude of that transport. For
organisms which did ndt reproduce in.Indian Arm, (e.g. E. bungi
), the entire populatiOn_ within the inlet was a.result of .
transport -and the data showed that . totél Seasonal ‘transport
closely balanced the total inlet population. For a species which
did reproduce . in Indian Arm, (e.g. E. japonica ), the .
cofrelationfof fransport with changes in the inlet vpopulation
was not so close. Natality'within-the inlet had a more dominant -
effectvon'.population tfends. In such cases £he effect. of
ﬁransport.f‘was merely to unife popuiatibns _geneﬁically_vin
geogréphically separate regions. Although it is uﬁkno&n’ whethef-
C. vanglicus bred within the 1inlet, the data suggeéted that
transport ¢of the species had a dominant effect on the,population.
inside Indian Arm. Vancouver Harbour seemed to be a preferea.
breeding‘ site for the organism and the close proximity of this
site to the sill might have led to the increased ﬁransport.

The effect of different transport mechanisms on the actual
transport of =zooplankton was difficult to assess. No analysis -
could be made of the effect of a density driven intrusion as no
major intrusion of this type occurred during the study. The
predominant trénsport mechanism  during the study period was
tidal éxchange;v Estuarine circulation was a small component of -
the total floQ across the sill and could not be analytically

separated. from the tidal component. Intuitively, however, it



59

seemed that the effect of ?his flow would be manifested over -a.
much ionger time frame. Estuarine circulation -would .most
strongly affect those species living in the. surfacé; waters of
Indian Arm as currents are - strongest in this shallow layer.
Although the effect on subsurface organisms outside the inlet
would not be - 80 pronounced due to the slower upinlet;cuffent'
velocities, it would.produce a - net movement - into the "‘inlet.
Estuarine circulation thus establishes a net upinlet flow in the
subsurface waters found over the sill and a net export in the
sufface.léyers'oﬁ.the inlet. It can be hypothesized that this
would have .a greater effect on Vancouver Harbour zooplankton
entering Indian Arm than the feverse; only those species_in -the
. shallow, ‘relatively'freShgsurface»layers of Indian Arm would be
édvected 6ut,ba_regionAspafsely populatedqby\marine'ZOOplankton;
(This was also féuna iﬁ Knight Inlet, Stone;‘1977). -

Over aAsingle‘tidal cycle, distinct changes ‘took place in
the zooplankton  community - found over the sill. Relatively few
éopepod specieé showed any correlatién to ﬁidal height and fewer.
individual species showed $ignificant, changes in relation to
tidal direction. or time of day. Mbst importantly, significant
‘differences in individual species densities did not occur in
relation to tidal‘ direction. Changes in the entire copepod
community occurred _in‘ association with : hydroéraphically
discernable types of .water advécted.over the sill during the
tidal éycle. The changes which did occur seemed to. be at . the
community - level- rather than at . the species level; Community -

changes thus occurred in relation to the .origin of the water, a
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factor which was not directly related to tidal direction. The
most profound difference in the .copepod community was found
towards the end of large flood tides. The hydrographic data:
suggested that the origin of this water was Vancouver Harbour, a-
suggestion supported. by the-presence of high  densities of C.
anglicus found at tﬁe same time. |

Species which exhibit a diel vertical migration wefe fouﬁd
in significantly higher numbers at night. Youngbleth (1980)
found higher  concentrations of many species of plankton in
samples taken at night which he attributed to a reduced net
avoidance. In this study, however, only those specieé which have
a known'verfical diel migration were found in greater densities
at night, lending credence to the p;opoSal ‘that_ these - species -
were traﬁspbrtedjprimarily‘at night.

Analysis of the Qﬁole zooplankton comhuhity over a tidal
cycle pointed out limitations in the interpretation of .the
transport patterns deduced for the fqur .study species. The
transport study Qas carried out using the deﬁsities of the study
species which occurred during the ebb and fléod events of each
cruise. Significant differences in the .individual species
densities were not seen in relation to the direction of tidal
flow across the sill when the whole community was analysed.
Further analysis of the zooplankton community showed, however,
that very significant changes took place in association with
hydrographic properties. Thé differences were thus related. Eo
the origin of the water. While these hydfographic properties, -

indicative of the origin of this water, were temporally
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diséociated from tidal direction, it was still the tidal flowv.
which was responsible for the advection of the wéter .over the
sill and the resultant exchénge. Thus when extrapolated.bVer
much longer time scales it was the origin of the water, and. its
associated  zooplankton, which fesulted in .the resolution‘of 

‘seasonal transport patterns.
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Table I: Cruise dates and numbers.

Cruise Date
80/1° ' January, 1980
80/2 February, 1980
80/12 July, 1980
80/18 ' October, 1980
81/1 ~ January, 1981
.81/6 March, 1981

81/33 " November, 1981
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Table II: Sampling Depths.

Station Hydrographic Clarke-Bumpus Vertical Hauls
Data Tows

GEO 1748 0 : 375-50 50-0
' 5
10
20
50
75
100
150
200
250
300
350
375

Moo b MX N

FRA 1 0 | | 200-50 50-0

- 10
20

30

50

75
100
) 150
200

MM X K X

VAN 24 0 50-0

a
™

10
20
30
50 ’ X

IND 0 . 0o - 20-0

10
20

> X

"IND 1.5 0 175-50 50-0

10
20 .
30
50
75
100

®xooxK X

>



IND 2.0 0

150
175

5
10
- 20
30
50
- 75
100

150.

200

200-50

73

50-0

XX indicates depths at which replicate samples
were taken for statistical treatment.

Note



74

Table III: Animals and Taxonomic Groups Identified for the
Community Analysis at IND 0 (Cruise 80/18)

Copepods .

Microcalanus pygmaeus
Pseudocalanus minutus
Paracalanus parvus
Oithona spinirostris
Oithona helgolandica
Oncaea borialis
~Corycaeus anglicus
Scolecithricella minor
Metridia pacifica
Calanus pacificus
Acartia longiremis
Acartia clausi
Tortanus. discaudatus
Aetideus armatus
Euchaeta japonica
Bradyidius saanichi

Other Invertebrates (where known, the number of species
o ' in each group is given)
Nauplius larvae
Ostracods
Conchoecia elegans
Philomedes sp. 1
Paradoxostoma striungulum
Siphonophores ’ 4
Pteropods
Limacina helicina

Larvaceans 2

Harpacticiod copepods.

" Isopods
Amphipdds
Paratﬁemisto sp. 1
Stilipes sp. 1
Medusae |

Phialidium sp. =~ 1
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Proboscidactyla'sp.1

Aegina sp. 1

Aequorea sp. - 1
Decopod Larvae
Ctenophores 1

Cumaceans

Euphausiids - 1
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Table IV: Animal densities per cubic meter at the sampling
depths on cruise 81/33.

Depth Euchaeta Eucalanus Metridia Corycaeus

japonica bungi pacifica anglicus
200 0.83 0.83 : 0.14
100 - 1.96 93.97 - 0.39
20 ' 0.75
200 0.40 . - 2.46 0.20
100 2.23 ' 78.06 1.59
20 0.18 .
200 0.19 - 2.53 _
- 100 5.40 109,90 0.64
20 ) 0.55.
200 : 0.90 0.36
100 3.02 s 122,59 1.26
20 0.13 1.44
200 _ 1.26 1.69 0.42
100 4.62 _ 139.47 0.12
20 1.13
200 0.60 0.20
100 3.77 149,95 0.92

20 0.16 1.17
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Table V: Statistical treatment of replicates.

Species total mean S.D.: CV 95% Confidence
Limits = .
o Upper - Lower
At 200m ' ' v
E.bungi 4,18 0.70 0.38 54,57 1.68 -0.28
M.pacifica 8.07 1.35 1.03 76.64 4.00. -1.30 .
C.anglicus 0.76 0.13 0.17 131.98 0.57 =-0.31-"
At 100m ‘
E.japonica 21,00 3.50 1.35 38.66 6.97 0.03

M.pacifica 693.93 115.66 127.23 . 23.55 185.67 45.65
-C.anglicus 4.92  0.82 0.55 66.88 3.39 -0.59

At 20m r
C.anglicus 5.22 0.87 0.46 53.3t 2.05 -0,31

Transformed Data.

Derived _ Log 95%
Geometric 1log S.D. CV' Confidence Limits
Mean ' : " Upper Lower
At 200m ' : :
E.bungi 0.66 0.10 25.8 2.00 ~-0.08
M.pacifica 1.15 0.20 58.5 6.02 -0.34
C.anglicus 0.12 0.06 14.8 0.59 -0.22 .
At 100m
E.japonica 3.33 0.13 34.9 8.35 1.00
M.pacifica 112.89 0.11 28.8 217.41 58.38
C.anglicus 0.75 0.14 38.0 3.00 - -0.24
At 20m
C.anglicus 0.82 0.12 31.8 2.70 -0.11

* Note: Transformation x=1l0gi10(x+1)
CV = Coefficient of Variation
CV' = Logarithmic Coefficient of Variation
Log Confidence Limits = 95% confidence limits -
for a hypothetical sample containing
an animal density equal to 'Mean'
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Table VI: Volume transport of water across the Indian Arm 5111
calculated from current meter readings.

Volume Transport (Cubic Meters)

Cruise 80/18 81/1 81/6
Ebb ' ~2.25x107
Flood 1.55x107 4,33x107 8.35x107
Ebb -3.,09x107 -2.15x107 -3.06x107
Flood 1.44x108 7.10x107 3.68x107
Ebb -1.70x10¢ -1.04x108

Net Transport 1.27x108 3.18x107 6.72x107
*Note - denotes flow out of the inlet (southward)

+ denotes flow into the inlet (northward)
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Table VII: Average volume transport for large and small tidal
exchanges, calculated from the model predictions.

Date Cruise Large Tide Small Tide
Feb. 1980  80/2 7.59x107 4.92x107
July 1980 80/12 1.00x108 - 3.37x107
Oct. 1980 80/18 9.13x107 4.27x107
Jan., 1981 81/1 ' 7.42x107 2.69x107

March 1981 81/6 7.34x107 . 4,31x107
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Table VIII: Den51ty of Corycaeus anglrcus 1n the study area.

Densities are in number per cubic meter.

Febuary (Cruise 80/2) . Station

Sample | GEO. FRA 1 1st VAN 24 IND O IND 1.5 IND 2.0
Depth 1748 - Narrows : '
(m) ' =

: 0. 0.0
10 o 0.0
20 ‘ . 0.8 : 0.9
50 0.0
100 . 0.2
150 0.0
175 -
200 1.0
- 250, ,
300
350 - . -
400 -—-

July (Cruise 80/12) - Station

Sample GEO FRA.1 1st . VAN 24 IND 0 IND 1.5 1IND 2.0
Depth = 1748 Narrows ‘
- (m) - '
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October (Cruise 80/18) Station
Sample GEO 1748 FRA 1 1st VAN 24 IND O. IND 1.5 IND 2.0
Depth(m) ' Narrows :

5 0.0 0.1 3.9 4.0 1.2 1.5
10 6.1

20 1.0 1.4 --- 16.6  11.5 2.6 0.7
50 0.8 0.8 25.5 2.6 0.7
100 0.2 0.3 ' 0.2 1.0
150 0.2 1.5 0.0 1.6
175 0.1

200 ' | 1.0 | | 0.7
250 0.0 »

300

350 0.4

400 ——-

January (Cruise 81/1) Station »
Sample 'GEO 1748 FRA 1 Ist VAN 24 IND 0 IND 1.5 IND 2.0
~ Depth(m) Narrows '

5 0.0 0.0 4.2 1.3 0.6 0.1
10 . 1.1 '

20 : 0.0 0.0 --- 0.6 0.4 0.2 0.6
50 0.0 0.0 0.1 0.1 0.2
100 0.0 0.0 : 1.5 0.0
150 0.0 - 0.0 0.0 0.0
175 0.0

200 : 0.0 0.5
250 0.0

300

350 0.0

400 —-—-

March (Cruise 81/6) Station

Sample GEO 1748 FRA 1 1st VAN 24 IND O 1IND 1.5 IND 2.0
Depth(m) Narrows

5 0.0 0.0 0.8 0.3 0.5 0.2
10 0.2

20 0.0 0.t --—- 0.6 0.2 0.1 0.2
50 0.4 0.0 0.0. 0.0 - 0.0
100 0.0 0.7 1.0 0.3
150 0.0 0.4 0.0 0.4
175 0.0

200 0.1 6.0
250 0.0

300

350 0.0
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Table IX: Transport of Corycaeus anglicus across the Indian Arm
sill during the study period.

Cruise Tidal Averaged Indian Arm- Confidence-

Interval Cycles Transport Population Intervals
Between (Second Cruise): '
Cruises . Upper Lower

80/2-80/12 132 6.34x10° 6.32x10% -7.75x10¢% 0
80/12-80/18 108 5.94x10° 2.72x10° 8.74x10° 3,79x10°8
»80/18—81/1 74 2.37x10% 7.58x10% 3.57x10° 3.70x107
81/1-81/6 61 -6.34x10°% 5.30x10° 2.73x10° 0

Note + indicates transport into the inlet
- indicates transport out of the inlet
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‘Table X: Density of Euchaeta japonica in the study area.

Febuary (Cruise 80/2) Station

Sample GEO FRA 1 1st VAN 24 IND O IND 1.5 IND 2.0
Depth 1748 Narrows
(m) :

0.0
20 0.0
50 0.0
100 : 0.8
150 1.9

—~ NON —
o & o s
WO — W
NO — —
* o o @
ANO N

175 -
200 1.0 0.
250

300

350

400 ---

vJuly‘(Cruise 80/12) Station

(=3

Sample GEO FRA 1 ist VAN 24 IND O IND 1.5 IND 2.0
- Depth 1748 ‘Narrows '
(m) :

ON OO
. * L) .
~NOoO oo
ONOOO
* . L) * .
OO

N
o
o
.
N
o
.
[oa}
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October (Cruise 80/18) Station
Sample GEO 1748 FRA 1 1st VAN 24 IND O IND 1.5 - IND 2.0
‘Depth(m) . Narrows '

350 4.9

400 -—-

Januéry (Cruise 81/1) Station

Sample GEO 1748 FRA 1 1st VAN 24 IND O 1IND 1.5 IND 2.0
Depth(m} - Narrows

8.6
10

20 0.4
50 2.8
100 0.3
150 - 1.4 |
175 _ 0.
200 0.
250 - 0.4

300 ,

350 0.0

400 —-—=

March (Cruise 81/6) Station

Sample GEO 1748 FRA 1 1st VAN 24 IND O IND 1.5 IND 2.0
Depth(m) Narrows

oo0co -
[ ] » [ ] .
WoWwo
U
ONOIN
o wut o

(o))
.
(@]

5 5 4.5 0.1 0.0 0.0 0.0
10 0.0 :
20 1.2 1.8 -—= 0.0 0.0 0.0 0.0
50 2.8 2.1 0.0 : 0.0 0.0
100 0.5 0.3 0.0 0.3
150 0.6 0.5 4.2 0.5
175 2.2

200

250 2.0 .

300

350 3.9
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Table XI: Euchaeta japonica seasonal transport across the Indian
Arm sill and population in Indian Arm.

Transport
Feb. (80/2 Data) Jan. (81/1 Data) Total Seasonal . -
" Transport=3 Months
Number per Tidal Number per Tidal =86 Tidal Cycles
Cycle "Cycle (Jan. Data only) -
1.52x108 7.51x107 6.46x10°

' 95% confidence limits

-2.61x107 o 1.71x108 o 1.47x10'°
0 o 2.35x1Q7 2.02x109-
Population.

Feb(80/2) July(80/12) 0Oct(80/18) Jan(81/1) March(81/6)
3.29%10° 1.90x10%  1.19%x10'° 2.85x10°  8.78x10°
|  95% confidence limits.

9,44x10° 5.77x10° 2.80x10'° 9,73x10°% °~ 2.44x10°%
5.18x108 2.40x108% 4.,55x10°9 8.16x108 2.30x108
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Table XI1: Percent composition of Euchaeta japonica density in
potentially exchangable water, January, 1981. Deduced from

Figure 10.
Location Copepodite Stage :
I IT ITI IV v VI

Sill

density 0 2.2 15 4,2 1.5 0.1

% 0 9.5 65.2 18.3 6.5 0.4
Harbour

density 0 0.2 0 0 0 0

% 0. 100 0 0 0 0
Indian Arm ’

density 0 1.4 0.3 0.1 2.8 1.2

% 0 24,1 5.1 1.7 48.3 20.7
Strait '

density 0 0.9 10 1.9 3.3 1.9

% 0 5 55.6 10.6 18.3 10.6
*Note
'"Indian Arm' refers to the sum from both Indian’Arm
stations '

'Strait' refers to the sum from both Strait of Georgia
stations
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Table XIII: Percent'compositioh of Euchaeta japonica density in
potentially exchangable water, October, 1980. Deduced from -

Figure 18.
Location . ' Copepodite Stage
1 II ITI v v VI

Indian Arm »

density O 6.3 3.8 2.2 4.5 . 1.3

% 0 34.8 21.0 12.1 24,9 . 7.2
‘Strait :

density O 9.2 12.5 9.3 19.5 6.4

% 0 16.2 2.2 16.3 34.3 11.2 -

* Note Values refer . to the sum of both stations in
each location. :
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Table XIV: Density of Euchaeta japonica copepodite Stages I, II,
and III in the Strait of Georgia and Indian Arm in October
(Cruise 80/18).

Station
Sample GEO 1748 FRA 1 IND 1.5 " IND 2.0
Depth(m) '
5 2.1 4.8
10
20 1.6 0.3 0.1
50 8.6 4.3 5.4 4.6
100 1.8 0.8 2.9 4.1
150 0.9 0.4 6.3 2.2
175 4.6
200 0.3 0.8
250 1.3
300
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Table XV: Density of Metridia pacifica in the study area.

-~ Febuary (Cruise 80/2) Station

Sample GEO FRA 1 1st VAN 24 IND O IND 1.5 1IND 2.0
Depth 1748 Narrows
(m)

o wW,m
. . . .
OO oV~

)]
o
o
)]
L]
o
o
O

July (Cruise 80/12) Station

Sample GEO FRA 1 .1st VAN 24 IND 0 IND 1.5 IND 2.0
Depth 1748 " Narrows
(m) '

20 146.7 56.2
50 4.0 9.4
100 23.5 297.4
150 67.3 26.7 24,
175 - 0.
200 45.6 13.
250 1.4 ,

300

350 1.3

400 -

(651
[0}

" e
O—-0O -
~J
(@ R ]

. .
wWwoN

—
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Station

October (Cruise 80/18).
GEQO 1748

Sample
Depth(m)

FRA 1

Ist VAN 24

Narrows

10

20

50

100
150
175
200
250
300
350
400

53.5

105.

January (Cruise 81/1)
GEO 1748

Sample
Depth(m)

FRA 1

Station
1st .
Narrows

VAN 24

10

20

50

100
150 .
175
200
250
300
350
400

17.9

11.5

22.
12,

18.
95.

March (Cruise 81/6)

Sample
Depth(m)

Station

GEO 1748 FRA 1

1st
Narrows

VAN 24

1.4 49.7
8.2
1.8 14.3
8.3
29.4
24.9
57.3
IND O IND 1.
6.2 0.6
5.1
5.2 28.4
4.3
75.2
17.2
10.0
IND O IND 1.
6.3 1.9
10.0
6.6 3.1
’ 1.1 .
22.7
3.7
8.0
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Table XVI: Density of Metridia pacifica over the Indian Arm
sill.

Cruise 80/18

Depth Density (Number per Cubic Meter)

S5m 0.9 0.2 1.7 t.0 3.1 3.4 0.7 0.7 0.5
i{Om 0.8 0.3 0.5 0.7 "t.1 1,00 0.9 1.4 0.6
20m 1,8 1.8 0.4 3.7 1.2 2.7 2.8 2.1 0.6

Cruise 81/6 .
20m 3.0 2.4 9,3 7.3 10.1 8.4 10.4 2.6 6.1

Day .Day N N N N N Day ' Day
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Table XVII: Transport of Metridia pacifica across Indian Arm

sill,
Net Tidal Average Total ~ Population
Transport Cycles Transport Population- Confidense
(animals) Between in Indian Arm Limits
Cruises
Cruise 80/2
+1.02x10° 3.84x10'°  8.75x10'°
2.22x101°
132 +6.45x10'°
- Cruise 80/12
-4.20x107 5.64x10'° 1.02x10"!
' 2.65x10'°
108 -3.07x10°
Cruise 80/18 :
-1.49x107 5.91x10%'° 1.06x10"!
2.99x101°
74 -1.56x103
Cruise 81/1 : :
-2.73x10°8 5.33x101'° 9.04x101'°
©2.29x101°
61 -6.19x10°% '
Cruise 81/6 '
+7.02x107 1.12x101° 2.36x10!'°
4.80x10°
Note + indicates transport into the inlet

. - indicates transport out of the inlet

Tidal Volumes for each cruise in cubic meters

(large tide and

80/2
80/12
80/18
81/1
81/6

Cruise
Cruise
Cruise
Cruise
Cruise

small tide)

7.59%x107 4.92x107
1.00x108% 3,37x107
9,13x107 4,27x107
7.42x107 2.69x107
7.34x107 4.31x107
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Table XVIII: Density of Eucalanus bungi in the study area.

Febuary (Cruise 80/2) Station

Sample GEO FRA 1 1st VAN 24 IND O IND 1.5 1IND 2.0
Depth 1748 Narrows : o
(m)

10

20 0

50 0

100 0.
150 0

175

200 0

250

300

350

400 -==

July (Cruise 80/12) Station

Sample GEO FRA 1 1st VAN 24 IND 0 IND 1.5 IND 2.0
Depth 1748 Narrows
(m)

O—- 00O
] . . . .
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October (Cruise 80/18) Station _
Sample GEO 1748 FRA 1 1st VAN 24 IND 0O IND 1.5 IND 2.0
Depth(m) Narrows

5 0.0 0.0 0.0 0.0 0.0 0.0
10 0.0

20 0.2 0.3 --- 0.0 0.0 0.0 0.0
50 0.0 0.0 0.0 0.1 0.0
100 0.0 0.0 0.0 0.0
150 0.2 0.0 1.0 0.8
175 6.6

200 0.1 | 4.5
250 0.2 ' ' :

300

350 6.2

400 -

January (Cruise 81/1) Station

Sample GEO 1748 FRA 1 1st VAN 24 1IND O IND 1.5 IND 2.0
Depth (m). Narrows

March (Cruise 81/6) Station
Sample GEO 1748 FRA 1 1st VAN 24 IND O IND 1.5 IND 2.0
Depth (m) ' Narrows

5 0.0 0.0 0.0 0.0 0.0 0.0
10 0.0

20 0.0 0.0 -=- 0.0 0.0 0.0 0.0
50 0.0 0.0 0.1 0.0 0.0
100 0.1 0.0 0.0 0.0
150 0.0 0.1 0.6 0.2
175 0.0

200 0.6 0.4
250 2.9

300

350 0.2
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Table XIX: Seasonal transport of Eucalanus bungi across the
Indian Arm sill and the overwintering population in Iindian Arm.

Transport per Tidal Total Indian Arm
Tidal Cycle Cycles Seasonal Population
(from 80/12) Transport  Jan(81/1) March(81/6)
3.85x10¢ : 73 2.80x10% - 1.10x10° . 1.40x10°8

Upper Confidense Limit

1.60x107 - 1.17x10®  2.64x10°  5,25x10°

Lower Confidense Limit
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Table XX: Presence of Eucalanus bungi young copepodite stages
(I, 11, and III) in the study area during July (Cruise 80/12).

Station GEO 1748 FRA 1 VAN 24 IND 0 1IND 1.5 IND 2.0

Depth
5 #/m3 0 0 0 0.01 0 0
% 0 0 0 100 0 0
10 #/m3 ~0.02
9 100
20 #/m?® 3.1 1.5 0.4 0.16 0 0
3 26.8 83.3 66.7 100 0 0
50 #/m® 0.2 0 0 0 0
% 20.0 0 0 0 0
100 #/m® 0 0 0 0
| g 0 0 0 0
150 #/m3 0 0 0 0
% 0 0 0 0
200 #/m3 0 0 0
% 0 0 0
250 #/m3 0
) 0
350 #/m3
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Table XXI: U-Test results for community parameters over the
tidal cycle at IND 0 (Cruise 80/18).

EBB / FLOOD DAY / NIGHT
Sample 11,14,15,19/ 11,12,13,18,19/
12,13,16,17,18 14,15,16,17
%Dominance copepodé 15 14
S.W. Div. copepods , 16 '
Simpsons Div. copepods .15
Total copepods 11
%Dominance other Invert. 15 12
- S.W. Div. other Invert. . 20%

Simpsons Div. other Invert.19%

Metridia pacifica 10 16
Psuedocalanus minutus 12

Acartia clausi 11.5

Paracalanus parvus 12

Oithona helgolandica 14

Corycaeus anglicus - 11 19%
Microcalanus pygmaeus 13

Calanus pacificus 15

Siphonophores 20%* 11
Total Ostracods 13

Euphausiids 12 20%*
Parathemisto (Amphipoda) 13.5 : 14.5

** Critical value for U test was 18 (p=0.05)
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Table XXII: Kruskal Wallis results for zooplankton community
changes over the tidal cycle at IND 0 (Cruise 80/18).

Parameter value
%Dominance copepods 5.8
Simpsons Div. copepods 6.35%
S.W. Div. copepods 7.00%
Total copepod densities 1.5
%Dominance other Invert. 1.84
Simpsons Div. other Invert. 0.98
S.W. Div. other Invert. 3.84
Metridia pacifica 3.26
Pseudocalanus minutus 3.11
Paracalanus parvus 4.00
Oithona helgolandica 4.44
Corycaeus anglicus 6.30%
Acartia clausi 1.39
Microcalanus pygmaeus 5.40
Calanus pacificus - 4,17
Euphausiids 6.67%
Siphonophores 0.81
Ostracods 0.78
*Note Critical value for Kruskal Wallis test was 6.0

(p=0.05)
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Figure 1; The study area, showing station positions, points of
reference and transect S7 used in the model volume
transport prediction.
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Figure 2; Longitudinal depth profile through the study area,
showing the position of the shallow sills in relation to
the deeper water. (Lateral distances not to scale).
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Figure 3; Density structure in the study area during winter,
1981 (January data, Cruise 81/1) (Density in Sigma T)
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Figure 4; Density structure in the study area during winter,
1980 (February data, Cruise 80/2) (Density in Sigma T)
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Figure 5; Oxygen concentration in water below 150 meters at
Station IND 2.0, over time, showing the effect of a
winter density driven intrusion on the oxygen
concentration in Indian Arm deep water.
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Figure 6; Current vectors derived from the current meter
deployed at IND 0 over a tidal cycle. (Data from Cruise
81/6, 1cm = 0.1 knots).
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Figure 7; North-south components (along the channel) of
current vectors over a tidal cycle at IND 0 (Data from
Cruise 81/6, 1cm = 0.1 knots).
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Figure 8; Total and net transport of Corycaeus anglicus across
the Indian Arm sill during each cruise.
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~Figure 9; Mean concentration of Corycaeus anglicus in the
study area in October in number per cu. meter from
samples taken above 50 meters showing 95% confidense
limits. '
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Figure 10; Temperature/Salinity plot of study area water
during January, 1981 (Cruise 81/1) showing the T/S
properties of water exchanged across the Indian Arm sill
over a tidal cycle.
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Figure 11; Depth distribution of Metridia pacifica at Station
FRA 1 during the day and during the night.
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Figure 12; Total and net transport of Eucalanus bungi across
the Indian Arm sill during each cruise.
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" Figure 13; Temperature/Salinity plot of study area water
during July, 1980 (Cruise 80/12) showing the T/S
properties of water exchanged across the Indian Arm sill
over a tidal cycle.
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Figure 14; Temperature/Salinity plot of water at IND 2.0
showing changes during the study period in the deep
water of Indian Arm.
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Figure 15; The tidal cycle at IND 0 during Cruise 80/18
(October, 1980) over which data for the community
analysis was taken. Times and labels of samples are
shown., Hour 0 was at 0800 hrs on October 28, 1980.
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Figure 16; Temperature at each sampling depth at IND 0 over
the tidal cycle (Cruise 80/18). Hours are given as in
Fig. 15.
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Figure 17; Salinity at each sampling depth at IND 0 over the
tidal cycle (Cruise 80/18). Hours are given as in Figq.
15.
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Figure 18; Temperature/Salinity plot of the study area water
during October, 1980 (Cruise 80/18) showing the T/S
properties of water exchanged over the Indian Arm sill
during a tidal cycle, and its relation to water in
surrounding areas.
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Figure 19; Temperature/Salinity plot of water from 0 meters at
the Indian Arm sill over the tidal cycle. Sample numbers
correspond to those given in Fig. 15.
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Figure 20; Temperature/Salinity plot of average T/S properties
from 5, 10, and 20 meters (below the pycnocline) at the
Indian Arm sill over the tidal cycle. Sample numbers
correspond to those given in Fig. 15.
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Figure 21; Density of the four most abundant copepods at IND 0
over the tidal cycle (Cruise 80/18). Hours and tidal
height as in Fig. 15. [0 = Paracalanus parvus L =

7

Microcalanus pygmaeus , X = Oithona helgolandica , {
= Pseudocalanus minutus
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Figure 22; Density of the second four most abundant copepods
at IND 0 over the tidal cycle (Cruise 80/18). Hours and
tidal height as in Fig. 15. X = Corycaeus anglicus
, & = Calanus pacificus , A Acartia clausi , [ =
Metridia pacifica .
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Figure 23; Total zooplankton diversity and dominance over the
tidal cycle at IND O (Cruise 80/18). Hours and tidal
height as in Fig. 15.
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Figure 24; Diversity and dominancé of the copepod community
over the tidal cycle at IND 0 (Cruise 80/18). Hours and
tidal height as in Fig. 15,
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Figure 25; Diversity and dominance of all other invertebrate
zooplankton over the tidal cycle at IND 0 (Cruise
80/18). Hours and tidal height as in Fig. 15.
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Figure 26; Diversity and dominance of invertebrate zooplankton
(minus larvaceans and siphonophores) over the tidal
cycle at IND O (Cruise 80/18). Hours and tidal height as
in Fig. 15,
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Figure 27; Kendalls coefficient of concordance between time
adjacent samples over the tidal cycle at IND 0 (Cruise
80/18). Hours and tidal height as in Fig. 15.
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